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FOREWORD 


This  report  describes  an  investigation  of  the  fatigue  crack  growth  char- 
acteristics of  surface  and  fastener  hole  flaws  performed  by  the  Boeing 
Aerospace  Company  from  30  June  1972  through  31  December  1973  under  Air 
Force  Contract  F3361 5-72-C-l 740 . The  effort  was  conducted  under  project 
48611,  Air  Force  Flight  Dynamics  Laboratory  (AFFDL) , with  Mr.  Howard  A. 
Wood  acting  as  project  engineer. 

This  program  was  conducted  by  the  Research  and  Engineering  Division  of 
the  Boeing  Aerospace  Company,  Seattle,  Washington,  under  the  supervision 
of  H.  W.  Klopfenstein,  Structures  Research  and  Development  Manager.  The 
Program  Leader  was  J.  N.  Masters,  Supervisor,  Failure  Mechanism  Group. 
Technical  Leader  was  L.  R.  Hall  and  program  support  was  provided  by 
R.  C.  Shah,  analytical  work;  W.  L.  Engstrom,  test  coordination  and  data 
evaluation;  A.  A.  Ottlyk,  test  engineering;  and,  D.  G.  Good  and 
G.  Buehler,  technical  illustrations  and  art  work. 

This  report  was  submitted  by  the  authors  on  31  October  1973. 
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SUMMARY 


This  program  is  one  in  a series  of  research  and  development  programs 
undertaken  by  the  United  States  Air  Force  to  develop  methods  and  data 
needed  for  design  against  fracture  in  military  aircraft.  This  combined 
experimental  and  analytical  study  was  directed  to  an  investigation  of  the 
fatigue  crack  growth  and  fracture  behavior  of  both  surface  flaws  and 
fastener  hole  flaws  under  loadings  pertinent  to  military  aircraft. 

The  surface  flaw  test  program  contained  two  hundred  tests  involving 
several  variables  including  alloy,  flaw  shape,  initial  flaw  depth,  stress 
ratio,  and  loading  profile.  Tests  were  conducted  on  three  alloys;  namely, 
2219-T851  aluminum,  9Ni-4Co-0.2C  (190-210  ksi)  steel,  and  6A1-4V  standard 
ELI  beta  annealed  titanium,  all  in  plate  form.  At  the  outset  of  each 
test,  flaw  depth- to-width  ratios  varied  between  0.15  and  0.45  and  flaw 
depth- to- thickness  ratios  varied  from  0.2  to  0.8.  Three  different  load- 
ing profiles  were  tested  including  constant  amplitude,  periodic  overload, 
\ and  spectrum  loadings.  In  the  constant  amplitude  tests,  three  stress 
. * ratios  (P.1,  0.3,  0.5)  and  three  different  loading  conditions  (uniform 

1 . l r * • * 

'.'tension,  pur*e  bending,  and  combined  bending/tension)  were  investigated. 

■ i ' ‘ ) f f * ■ i ^ 

• V In,  the  periodic  overload  tests,  one  stress  ratio  (0.1)  and  two  loading 
i , conditions  (uniform  tension  and  combined  bending/tension)  were  tested. 

In  the  spectrum  load  tests,  two  different  spectra  representative  of 
either  fighter  or  bomber  operations  were  used.  All  tests  were  conducted 
in  air  having  a relative  humidity  of  about  ten  percent. 

The  cracked  fastener  hole  program  involved  both  analytical  and  experi- 
mental work.  The  analytical  work  was  directed  to  estimating  stress 
intensity  factors  for  cracked  fastener  holes.  Solutions  were  derived 
for  both  part-through  and  through-the-thickness  cracks  originating  at 
open  holes  and  holes  containing  either  loaded  or  unloaded  close  tolerance 
fasteners,  and  for  through-the-thickness  cracks  originating  at  holes 
containing  interference  fit  fasteners.  The  experimental  work  included 
forty-two  tests  of  precracked  4340  steel  specimens  and  two  hundred  tests 
of  precracked  2219-T851  aluminum,  9Ni-4Co-0.2C  steel,  and  6A1-4V  (ELI) 
beta  annealed  titanium  alloy  specimens. 


XV 


The  4340  steel  tests  were  conducted  to  experimental ly  evaluate  methods 
developed  to  predict  fracture  strength  of  cracked  structure.  Specimens 
contained  part-through  cracks  originating  at  either  open  holes  or  holes 
containing  loaded  or  unloaded  close  tolerance  and  interference  fit 
fasteners.  The  remaining  aluminum,  steel,  and  titanium  alloy  tests 
involved  two  hole  conditions  (conventional  reamed  and  cold  worked),  two 
fastener  types  {close  tolerance  and  Taper-lok),  two  crack  shapes  (uniform 
through-the-thickness  and  quarter-ci rcul ar  part-through),  one  initial 
crack  depth-to-thickness  ratio  (0.33),  two  types  of  loading  (uniform 
tension  and  combined  bending/tension),  and  three  loading  profiles  (con- 
stant amplitude,  periodic  overload,  and  spectrum  load).  In  the  constant 
amplitude  and  periodic  overload  tests,  through-the-thickness  cracks  ori- 
ginating at  loaded  and  unloaded  Taper-lok  fastener  holes,  and  part-through 
cracks  originating  at  open  and  filled  conventional  holes,  open  and  filled 
cold  worked  holes,  and  Taper-lok  fastener  holes  were  tested.  In  the 
spectrum  load  tests,  only  part-through  cracks  were  tested  using  the  same 
fastening  systems  as  tested  in  the  constant  amplitude  and  periodic  over- 
load tests.  All  test  results  were  compared  to  predictions  based  on 
linear  elastic  fracture  mechanics  procedures. 

Results  of  the  surface  flaw  tests  showed  that  existing  methods  for  calcu- 
lating crack  propagation  life  for  surface  flaws  subjected  to  constant 
amplitude  loadings  are  adequate.  However,  existing  methods  used  in  this 
study  for  estimating  the  effects  of  periodic  overloads  and  spectrum  loads 
on  surface  flaw  fatigue  crack  growth  behavior  are  not  adequate.  Crack 
growth  rates  during  overloads  were  about  two  orders  of  magnitude  greater 
than  predictions  based  on  baseline  crack  growth  rates  and  crack  closure 
theory.  Retardation  effects  of  periodic  overloads  were  strongly  affected 
by  crack  depth-to-thickness  ratio  and  no  method  currently  exists  to  quan- 
titatively explain  such  effects.  Finally,  crack  growth  behavior  of  sur- 
face flaws  under  spectrum  loadings  could  not  be  adequately  correlated 
using  calculation  procedures  based  on  either  linear  cumulative  damage 
theory  or  simple  methods  of  accounting  for  overload  effects. 
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In  the  cracked  fastener  hole  tests,  the  shortest  crack  propagation  lives 
were  obtained  from  tests  of  close  tolerance  fasteners  in  conventional 
reamed  holes.  Both  cold  working  of  fastener  holes  and  installation  of 
Taper- 1 ok  fasteners  increased  crack  propagation  lives.  For  the  range  of 
parameters  used  in  this  program,  it  was  found  that  good  estimates  of 
crack  propagation  lives  for  open  and  close  tolerance  fastener  filled 
holes  subjected  to  constant  amplitude  and  periodic  overload  loading  pro- 
files could  be  based  on  stress  intensity  factors  derived  in  this  program 
and  baseline  crack  growth  data  obtained  from  constant  cyclic  load  tests 
of  surface  flaw  specimens.  Methods  developed  tc  quantitatively  evaluate 
the  effects  cf  fastener  interference  on  crack  propagation  life  for 
through- the-thickness  cracked  fastener  holes  underestimated  interference 
effects  for  the  aluminum  and  titanium  alloys.  In  the  steel  alloy  tests, 
interference  had  little  or  no  effect  on  crack  propagation  lives  and  calcu- 
lations were  in  good  agreement  with  experimental  results.  Methods  of 
calculating  crack  propagation  lives  for  part-through  cracks  originating  at 
interference  fit  and  cold  worked  fas ter er  holes  were  not  available. 
Finally,  crack  growth  behavior  of  fastener  hole  flaws  subjected  to  spec- 
trum loadings  could  not  be  adequately  correlated  using  existing  methods 
of  calculating  crack  propagation  behavior. 

It  was  concluded  that  factors  in  addition  to  the  crack  growth  retarding 
effect  cf  overloads  must  be  accounted  for  before  adequate  predictions  of 
crack  propagation  lives  under  spectrum  loads  can  be  mace  for  all  loading 
spectra.  More  work  is  required  to  evaluate  effects  of  fastener  inter- 
ference and  cold  working  of  fastener  holes  on  crack  propagation  lives  in 
the  presence  cf  smaller  initial  crack  sizes  and  higher  values  of  lead 
transfer  than  were  tested  in  this  report. 
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1.0  INTRODUCTION 


New  design  criteria  (1)*  are  currently  being  developed  for  military  air- 
craft to  minimize  the  possibility  that  crack-like  defects  in  airframe 
components  will  result  in  loss  of  aircraft  during  a specified  period  of 
time.  These  criteria  reflect  the  knowledge  that  all  airframe  components 
can  contain  crack-like  defects  that  are  either  inherent  in  the  materials 
or  are  introduced  during  production  or  service.  To  comply  with  the  new 
criteria,  methods  are  required  to:  1)  determine  the  worst  possible  com- 
binations of  defect  sizes  and  operating  conditions  that  could  exist  at 
the  outset  of  the  specified  period;  2)  evaluate  critical  defect  sizes, 
i.e.,  sizes  that  would  result  in  component  failures;  and  3)  calculate  the 
number  of  aircraft  missions  that  could  grow  the  initial  crack-like  defects 
to  critical  sizes.  Attempts  to  limit  the  maximum  size  of  initial  defects 
have  been  based  on  improvements  of  and  increased  emphasis  on  nondestructive 
inspection  techniques.  Improvements  in  critical  flaw  size  calculation 
methods  are  resulting  from  improved  analysis  techniques  (2,3),  and  frac- 
ture toughness  data  (4).  Aircraft  life  calculation  methods  are  being 
upgraded  by  studying  the  effects  of  operating  environments  and  loadings 
on  subcritical  crack  growth  characteristics  of  airframe  materials  (5,6). 

In  addition,  fracture  control  design  criteria  are  being  applied  to  the  . 
development  of  new  approaches  to'damage  tolerant  design  in  metallic  struc- 
tures (7,8,9),  antf.  to  the  evaluation  of  the  impact  of  fracture  control  .. 
criteria  on  efficiency  of  aircraft  structure.  ■ ^ -f 

* • f.  ■ 

. ■ ■ t ' j 
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This  program  is  one  in  a series  of  research  and 'development  programs*  , 

* undertaken  by  the  United  States  Air  Force  to  develgp  methods,  and  data 

* 1 * * * i fV 

' needed  for  design  against  fr5cture‘in  military  aircraft.- (2-9) . Since,  \ 0 
!*  both  surface  flaws  and*  part- through'  or  through-the-thickness  cracks  at  i* 
fastener  holes  are  commonly  found  in  airframe  components,  this  program  * 
was  undertaken  to  investigate  the  fracture  and  fatigue  crack  growth 
behavior  of  both  surface  and  fastener  hole  flaws  under  loadings  pertinent 
to  military  aircraft. 


* Numbers  in  parentheses  refer  to  references  at  end  of  report. 
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The  surface  flaw  test  program  involved  a number  of  variables  including 
alloy,  flaw  shape,  initial  flaw  depth,  loading  profile,  and  stress  ratio. 
Tests  were  conducted  using  three  alloys,  namely,  2219-T851  aluminum, 
9Ni-4Co-0.2C  (190-210  ksi)  steel,  and  6A1-4V  standard  ELI  beta  annealed 
titanium,  all  in  plate  form.  At  the  outset  of  each  test,  flaw  depth-to- 
width  (a/2c)  ratios  were  set  at  0.15,  0.30  or  0.45,  and  flaw  depth-to- 
thickness  (a/t)  ratios  ranged  from  less  than  to  greater  than  50%  of  the 
specimen  thickness.  Tests  were  conducted  under  three  different  loading 
profiles  including  constant  amplitude,  periodic  overload,  and  spectrum 
loadings.  Three  stress  ratios  (0.1,  0.3,  0.5)  and  three  different  loading 
conditions  (uniform  tension,  pure  bending,  and  combined  bending  and 
tension)  were  investigated  in  the  constant  amplitude  tests.  One  stress 
ratio  (0.1)  and  two  loading  conditions  (uniform  tension  and  combined 
bending  and  tension)  were  investigated  in  the  periodic  overload  tests. 

Two  different  spectra  representative  of  either  bomber  or  fighter  operations 
were  investigated  in  the  spectrum  load  tests.  All  tests  were  conducted  in 
air  having  a relative  humidity  of  about  10  percent. 

The  cracked  fastener  hole  program  involved  both  analytical  and  experi- 
mental work.  The  analytical  work  was  directed  to  estimating  stress 
intensity  factors  for  both  part-through  and  through-the-thickness  cracks 
originating  at  open  holes,  and  holes  containing  either  loaded  or  unloaded 
close  tolerance  and  interference  fit  fasteners.  Much  of  the  experimental 
work  was  directed  to  fatigue  crack  growth  testing  of  fastener  hole  flaws 
in  2219-T851  aluminum,  9Ni-4Co-0.2C  (190-210  ksi)  steel,  and  6A1-4V  stand- 
ard ELI  beta  annealed  titanium  alloy  plate.  Tests  were  conducted  on 
specimens  containing  either  part-through  or  through-the-thickness  cracks 
originating  at  holes  containing  both  loaded  and  unloaded  close  tolerance 
and  interference  fit  fasteners.  Both  standard  and  cold  worked  fastener 
holes  were  tested.  Three  different  loading  profiles  (constant  amplitude, 
periodic  overload,  and  spectrum  load)  were  used  in  the  cyclic  tests.  Two 
different  spectra  representative  of  either  bomber  or  fighter  operations 
were  investigated  in  the  spectrum  load  tests.  A series  of  static  frac- 
ture tests  were  conducted  on  precracked  4340  (220-240  ksi)  steel  specimens 
to  experimentally  evaluate  methods  of  predicting  fracture  strength  of 
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structure.  All  specimens  contained  part-through  cracks  originating 
either  at  open  holes  or  holes  containing  loaded  or  unloaded  close  toler- 
ance and  Taper-lok  fasteners.  Results  of  all  fastener  hole  flaw  tests 
were  compared  to  predictions  based  on  modified  linear  elastic  fracture 
mechanics  procedures. 


3 


2.0  MATERIALS  AND  PROCEDURES 


Materials  and  experimental  procedures  are  described  in  this  section. 

Plate  materials  were  characterized  by  conducting  standard  mechanical 
property  tests  and  results  are  included  in  Section  2.1.  Details  of 
approaches  to  specimen  preparation  and  testing  are  included  in  Section 
2.2. 

2.1  Materials 

Four  different  plate  alloys  were  tested  in  this  program,  including  2219- 
T851  aluminum,  6A1-4V  standard  ELI  beta  annealed  titanium,  9N1-4Co-0.2C  » • 
(190-210  ksi)  steel  and  4340  (220-240  ksi)  steel.  The  first  three  alloys 
are  all  candidates  for  use  in  fracture  resistant  components  of  high  per-  . , 

'*  t v • 

formance  airframes.  These  alloys  are  being  used  in  current  programs, 

although  the  T i -6A1 -4V  alloy  is  generally  being  used  in  the  alpha-beta-  ‘ ‘ 

condition  rather  than  the  beta  condition.  Tests  have  indicated  that  ffbf 

the  Ti-6A1-4V  alloy,  beta  annealing  leads  to  superior  stress  corrosion'  , 

. ’ * * 4 * *,  **..»' 
cracking  and  corrosion  fatigue  crack  growth  resistance  than  does  alph^*-'  ^ ; ' /;  ' . 

beta  annealing  (5).  The  4340  alloy  was  used  at  the  220-240  ksi  strfehath  •.  v V 

• ' > * .v  ’ > 

level  for  a series  of  stress  intensity  analysis  verification  tests  becnose - l.j .< V* 

• ' I \ • V \ » Vj 

of  its  frangible  and  homogeneous  nature.  , .>  ••  ' 

< 1 *.  • a ' 

• * » v * . » • 

, > ' • ,v  ^ 

The  2219-T851  aluminum  alloy  plates  (1.0  x 36  x 72  Inches)  we^e  pUrihasefi  *» 
from  Alcoa  in  the  T851  condition  per  Boeing  Material  Specification  8MS7V- 
105C  (equivalent  to  MIL-A-8920A) . All  plates  came  from  the  same  hqat  and 
rolling  batch.  Specification  limits  on  chemical  composition  are  listed  In 
Table  1 and  mechanical  properties  measured  by  the  Boeing  Aerospace  Company 
are  included  in  Table  2. 

The  6A1-4V  standard  ELI  titanium  alloy  plates  were  obtained  from  excess 
material  remaining  after  the  cancellation  of  the  Supersonic  Transport 
Program.  The  plates,  0.60  x 55  x 129  inches,  were  produced  by  RMI  per 
Boeing  Material  Specification  XBMS7-174B.  The  B revision  of  this  speci- 
fication requires  an  extra  low  interstitial  grade  and  annealing  above  the 
beta  transus  to  provide  high  toughness  and  resistance  to  stress  corrosion 
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cracking.  Specification  limits  in  chemical  composition  are  listed  in 
Table  1 and  mechanical  properties  measured  by  the  Boeing  Aerospace  Company 
are  listed  in  Table  2. 

The  9Ni-4Co-0.2C  steel  plate  was  purchased  from  Republic  Steel  in  the  form 
of  annealed  0.50  x 27  x 36  inch  plates  per  North  American  Rockwell  Speci- 
fication ST0160LB0001 . The  plates  were  produced  from  Vacuum  Arc  Remelt 
No.  3831679  and  were  hot  rolled,  annealed,  blasted,  and  oiled  prior  to 
shipment.  Chemical  composition  of  the  plates  as  determined  by  the 
supplier  are  listed  in  Table  1.  The  plates  were  heat  treated  to  the 
190-210  ksi  strength  level  by  the  Boeing  Aerospace  Company  using  the 
following  schedule: 

(1)  Normalize  at  1650  25°F  for  30  minutes,  air  cool  to  room 

temperature. 

(2)  Austenitize  at  1525  + 25°F,  hold  at  maximum  temperature  for 
30  minutes  then  quench  in  oil  at  60°F  to  150°F. 

(3)  Cool  within  two  hours  to  -100  +_  25°F  and  hold  at  temperature 
for  one  hour. 

(4)  Temper  at  1025  + 10°F  for  four  hours  then  air  cool  to  room 
temperature. 

Mechanical  properties  of  the  heat  treated  plate  are  listed  in  Table  2. 

The  4340  steel  alloy  plate  was  purchased  in  the  form  of  an  annealed  hot 
rolled  0.625  x 30  x 60  inch  plate  per  AMS  63598,  excepting  paragraphs  5.2 
and  8.1.  Chemical  composition  of  the  plate  as  determined  by  the  supplier 
is  listed  in  Table  1.  The  material  was  heat  treated  to  the  220-240  ksi 
strength  level  after  specimen  machining.  Mechanical  properties  measured 
by  the  Boeing  Aerospace  Company  are  included  in  Table  2. 
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A summary  of  fasteners  used  in  this  program  is  included  in  Table  3.  Both 
Taper-lok  and  close  tolerance  fasteners  were  used  for  each  of  the  four 
plate  alloys  tested.  Almost  all  tests  involved  the  use  of  protruding  head 
fasteners  with  the  remaining  tests  making  use  of  countersunk  head  fasteners. 
Fastener  details  including  alloy,  tensile  strength,  head  configuration, 
finish,  lubrication  and  supplier  are  summarized  in  Table  3. 

2.2  Procedures 

Procedures  used  for  specimen  preparation  and  testing  are  described  in  this 
section.  Details  of  preflawing  methods,  installation  of  Taper-lok  fast- 
eners, and  cold  working  of  holes  are  described  in  the  discussion  of  speci- 
men preparation.  Details  of  test  environment,  instrumentation,  and  loading 
profiles  are  described  in  the  section  covering  test  procedures. 

2.2.1  Specimen  Preparation 

All  specimen  configurations  used  in  this  program  are  included  in  Appendix 
A.  A summary  of  the  specimen  configurations  used  for  each  series  of  tests 
is  presented  in  Table  A1  in  Appendix  A.  Specimen  configurations  are 
detailed  in  Figures  A1  through  A9. 

Flaw  Preparation 

All  flaws  were  prepared  by  growing  fatigue  cracks  from  crack  starters. 

For  surface  and  fastener  hole  flaws,  crack  starters  were  introduced  using 
an  electrical  discharge  machine,  kerosene  dialectric,  and  0.06  inch  thick 
circular  electrodes.  Electrode  tips  were  machined  to  a radius  of  0.003 
inch  and  an  included  angle  of  less  than  20  degrees.  Fatigue  cracks  were 
grown  from  the  periphery  of  the  starter  slots  using  loading  cycles  having 
a stress  ratio  of  0.06,  cyclic  frequency  of  1800  cpm,  and  peak  cyclic 
stresses  of  10  ksi  for  the  aluminum  alloy  and  25-30  ksi  for  the  steel  and 
titanium  alloy  specimens.  The  width  of  the  precrack  ranged  from  0.02  to 
0.05  inch.  All  9Ni-4Co-0.2C  steel  surface  flaw  and  fastener  hole  flaw 
specimens  were  baked  at  400F  for  4 hours  to  remove  any  hydrogen  that  may 
have  been  introduced  by  electrical  discharge  machining.  Flaws  at  tapered 
holes  were  introduced  prior  to  installation  of  the  Taper-lok  fasteners. 
Crack  starters  in  double  cantilever  beam  specimens  consisted  of  0.125 
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inch  wide  milled  slots  terminating  in  a chevron  vee  notch.  Fatigue  cracks 
were  grown  from  the  tips  of  the  starter  slots  using  cyclic  loads  having  a 
stress  ratio  of  0.06  and  frequency  of  1800  cpm.  The  last  0.10  inch  of 
precrack  was  grown  using  a peak  cyclic  stress  intensity  to  Young's  modulus 
ratio  of  less  than  0.0012  /inch. 

Taper-lok  Drilling  and  Installation 

Taper-1  ok  drilling  procedures  were  devised  to  minimize  the  number  of  dif- 
ferent fasteners  and  drills  required  for  this  program.  Since  different 
drills  are  required  for  each  of  the  six  groups  of  Taper-lok  fasteners  (a 
group  includes  several  lengths  of  bolts  having  the  same  head  diameter)  it 
was  decided  to  limit  the  number  of  fastener  groups  used  to  one,  namely 
Group  II  (manufacturer's  designation).  This  was  accomplished  by  drilling 
tapered  holes  as  shown  in  Figure  1.  Clamping  bars  were  affixed  to  each 
specimen  at  the  appropriate  location  and  the  tapered  drill  was  inserted 
into  the  0.50  inch  diameter  hole  in  the  clamping  bar.  A tapered  hole  was 
drilled  through  the  specimen  with  the  clamping  bar  being  used  to  control 
the  maximum  drill  travel,  i.e.,  the  specimen  was  drilled  as  if  the  total 
stackup  was  equal  to  sum  of  the  specimen  and  clamping  bar  thickness  as 
shown  in  Figure  lb.  Clamping  bar  thicknesses  were  approximately  0.5  inch 
for  all  alloys. 

The  method  of  installing  Taper-lok  fasteners  is  pictured  in  Figure  2. 

After  the  fastener  was  positioned  in  the  hole  thumb  tight,  a dial  gage 
was  clamped  to  the  specimen  with  the  plunger  bearing  against  the  head  of 
the  fastener.  The  bolt  was  drawn  in  a predetermined  amount  using  a 
torque  wrench.  Bolt  protrusion  was  controlled  to  within  0.001  inch. 
Installed  fasteners  protruded  from  the  specimens  as  illustrated  in  Figure 
lc.  This  condition  is  representative  of  installations  where  no  pressure 
exists  between  the  fastener  head  and  joined  part. 

Cold  Worked  Holes 

Methods  developed  by  the  Boeing  Commercial  Airplane  Company  were  used  to 
cold  work  fastener  holes  in  this  program.  Two  expansion  levels  were  tested 
with  the  lower  value  25%  less  than  the  higher  value.  For  the  aluminum 
and  titanium  alloy  high  expansion  holes,  a 0.355  inch  diameter  hole  was 
drilled  and  the  required  initial  crack  was  introduced.  The  hole  was  then 
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fitted  with  a lubricated  split  sleeve  and  a mandrel  was  drawn  through  the 
hole  to  cold  expand  it  to  a diameter  of  0.374  inch.  This  was  accomplished 
using  the  equipment  shown  in  Figure  3.  After  removal  of  the  mandrel,  the 
hole  diameter  decreased  to  0.366  inch  and  was  reamed  to  the  final  size  of 
0.375  inch.  For  the  9Ni-4Co-0.2C  steel  alloy  high  expansion  holes,  the 
initial  hole  diameter  was  0.333  inch.  After  the  required  crack  was  intro- 
duced, the  hole  was  coated  with  a dry  film  lubricant  (Fel  Pro  300)  and 
baked  at  375°F  for  four  hours.  Cold  working  was  accomplished  by  pushing 
a mandrel  through  the  lubricated  hole  to  cold  expand  it  to  a diameter  of 
0.358  inch.  The  holes  were  then  reamed  to  0.375  inch.  The  lower  expansion 
levels  were  achieved  by  increasing  initial  hole  diameter  to  0.361  inch  for 
the  aluminum  and  titanium  alloys  and  0.339  inch  for  the  steel  alloy. 

2.2.2  Experimental  Procedures 

.| 

Test  Media 

Tension  loaded  cyclic  tests  were  conducted  in  desiccated  air  having  a 
relative  humidity  of  about  10  percent.  This  was  accomplished  by  taping 
rectangular  plexiglass  containers  containing  a controlled  amount  of 
desiccant  to  the  faces  of  all  test  specimens.  Measurements  of  relative 
humidity  in  the  containers  varied  from  5 to  15  percent.  Test  tempera- 
ture was  equal  to  ambient  temperature  which  ranged  from  69  to  75F.  All 
bending/tension  cyclic  and  static  fracture  tests  were  conducted  in  an  air 
conditioned  laboratory  where  the  temperature  is  controlled  to  72  + 2F. 

Fastener  Loading 

Fasteners  were  loaded  using  loading  straps  as  shown  in  Figure  4.  The 
position  of  the  bearing  block  was  adjusted  by  turning  the  cap  screws  until 
the  block  was  snug  against  the  fastener.  The  adjustable  feature  elimin- 
ated variations  in  loading  from  specimen  to  specimen  due  to  small  varia- 
tions in  the  distance  between  the  grip  holes  and  loaded  fastener  hole. 
Furthermore,  adjustments  could  be  made  throughout  each  test  to  keep  the 
load  transfer  constant.  Load  transferred  through  the  straps  was  measured 
using  back-to-back  pairs  of  uniaxial  strain  gages  located  as  shown  in 
Figure  4.  The  straps  were  precalibrated  to  determine  relationships 
between  strain  output  and  load  transfer.  During  each  test,  the  strain 
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gages  were  connected  to  a strip  chart  recorder  to  produce  continuous 
recordings  of  strap  load  versus  cycles.  A photograph  of  a specimen  with 
loading  straps  is  included  in  Figure  5. 

Loading  straps  used  for  4340  steel  stress  intensity  verification  tests 
did  not  have  the  adjustable  feature  shown  in  Figure  4.  Consequently, 
the  straps  were  pulled  tight  against  the  loaded  bolt  then  clamped  between 
two  splice  plates  and  the  specimen  grip  as  shown  in  Figure  6.  The  splice 
plates  were  bolted  to  a loading  bar  which  was  attached  to  the  upper  grip. 

Five  tests  involving  load  transfer  were  conducted  using  the  specimen 
configuration  shown  in  Figure  7.  Load  transfer  was  effected  by  bolting 
a strap  plate  to  the  specimen.  Load  transfer  was  measured  using  back- 
to-back  pairs  of  uniaxial  strain  gages  attached  to  the  strap  plate.  The 
strap  plate  was  calibrated  prior  to  being  attached  to  the  specimen  and 
the  strain  gages  were  attached  to  a strip  chart  recorder  throughout  each 
test  to  obtain  a continuous  record  of  load  transfer  versus  cycles.  Teflon 
spacers  were  located  between  the  specimen  and  strap  plate  to  minimize  load 
transfer  due  to  friction. 

Instrumentation 

The  following  specialized  instrumentation  was  used  in  this  program: 

(1)  Clip  gages  to  obtain  records  of  crack  displacements  versus 
cycles  for  tension  loaded  surface-flawed  specimens  and  crack 
displacement  versus  load  for  statically  tested  4340  specimens. 

(2)  Strain  gages  on  loading  straps  to  measure  load  transfer  for 
loaded  fasteners. 

For  aluminum  alloy  specimens,  clip  gages  were  spring  loaded  against  inte- 
grally machined  knife  edges.  For  titanium  and  steel  specimens,  knife 
edges  were  spot  welded  to  the  specimen  as  shown  in  Figure  8.  For  cyclic 
tests,  clip  gages  were  connected  to  strip  chart  recorders  to  obtain  con- 
tinuous recordings  of  crack  displacement  versus  cycles.  For  static  tests, 
both  clip  gage  and  load  cell  were  connected  to  an  X-Y  plotter  to  obtain 
recordings  of  crack  displacement  versus  applied  load. 
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Tension/Bending 

Combined  bending  and  tension  tests  were  conducted  using  a test  machine 
that  was  modified  to  apply  simultaneous  longitudinal  and  lateral  loads. 

The  test  setup  is  illustrated  in  Figures  9 and  10.  Longitudinal  loads 
were  applied  using  an  existing  150  kip  vertical  jack.  Lateral  loads 
were  applied  by  a horizontally  mounted  20  kip  jack.  The  jack  was  sup- 
ported by  vertical  posts  bolted  to  the  test  frame.  The  lateral  loads 
were  reacted  through  supports  located  near  each  specimen  grip.  The  sup- 
ports were  bolted  to  posts  that  transferred  the  lateral  loads  into  the 
test  frame.  Lateral  loads  were  transferred  to  and  from  the  specimen 
using  3/4-inch  diameter  steel  rods.  Stresses  at  the  center  of  each  spec- 
imen were  measured  using  four  pairs  of  back-to-back  uniaxial  strain  gages 
located  on  the  crack  plane.  The  strain  gages  also  served  as  transducers 
in  the  feedback  loop  of  a servo  system  used  to  control  the  applied  loads. 

Loading  Profiles 

Tests  were  conducted  under  constant,  periodic  overload,  and  spectrum 
loading  profiles.  Constant  peak  load  and  periodic  overload  tests  were 
conducted  at  a cyclic  frequency  of  60  cpm.  All  loading  cycles  except 
the  overloads  were  applied  using  a stress  ratio  of  either  0.1,  0.3  or  0.5. 
Overloads  had  a stress  ratio  of  zero.  Two  types  of  loading  spectra  were 
tested  including  one  bomber  and  one  fighter  spectrum.  Details  of  the 
bomber  spectrum  are  included  in  Table  4 and  Figure  11.  Limit  gross  area 
stress  levels  were  33.6  ksi,  70  ksi,  and  130  ksi  for  the  aluminum, 
titanium,  and  steel  alloys,  respectively.  Details  of  the  fighter  spec- 
trum are  included  in  Table  5.  The  fighter  spectrum  was  obtained  by 
randomizing  the  layers  of  an  existing'  fighter  spectrum  using  a book  of 
random  numbers  and  then  adding  two  spike  loads  at  the  end  of  the  spectrum 
to  represent  the  six  spike  loads  used  in  the  original  spectrum.  The 
limit  stress  levels  were  30.9  ksi,  61.8  ksi,  and  91.0  ksi  for  the  alumi- 
num, titanium  and  steel  alloys,  respectively.  The  cycles  within  a given 
layer  of  each  spectrum  were  applied  at  240  cpm.  The  average  cyclic  rate 
for  the  spectra  (total  cycles  in  one  spectrum  divided  by  time  to  apply 
the  spectrum)  was  60  cpm. 
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2.2.3  Experimental  Approaches  and  Test  Program 

Details  and  bases  for  the  approaches  used  to  generate  data  for  each  series 
of  tests  are  described  in  the  following  paragraphs. 

Baseline  Tests 

Tests  were  conducted  to  develop  baseline  crack  growth  rate  data  for  use 
in  evaluating  subsequent  test  results.  The  program  of  baseline  tests  is 
summarized  in  Table  6. 

Crack  growth  rates  for  the  T-S  direction  {see  Figure  12  for  direction 
notation)  were  developed  by  testing  surface-flawed  specimens  under  cyclic 
tension  loadings.  Two  specimens  were  tested  for  each  stress  ratio 
(R  = 0.1,  0.3  and  0.5),  for  each  alloy  {2219-T851  aluminum,  6A1-4V  (ELI) 
beta  annealed  titanium  and  9Ni-4Co-0.2C  (190-210  ksi)  steel).  One  spec- 
imen contained  two  flaws  and  the  second  specimen  contained  only  one  flaw. 
Each  specimen  was  tested  under  three  different  stress  levels  as  follows: 
cycling  was  started  at  a low  stress  level  and  the  crack  depth  was  extended 
about  0.05  inch;  the  stress  level  was  then  increased  to  a higher  value  and 
the  crack  depth  was  grown  an  additional  0.05  inch;  the  final  increment  of 
crack  growth  was  generated  after  a second  increase  in  stress  level.  This 
procedure  was  selected  to  allow  the  generation  of  crack  growth  rate  data 
over  a wide  range  of  K levels  from  a single  specimen,  and  to  provide  data 
that  could  be  used  to  evaluate  stress  level  effects  on  crack  growth  rates. 

Additional  crack  growth  rates  for  the  T-S  direction  were  generated  using 
pure  bending  stresses  to  see  if  K-rate  correlations  for  tension  and  bend- 
ing stresses  coincided.  This  was  accomplished  by  testing  one  surface 
flawed  specimen  under  four  point  bending  for  each  of  two  stress  ratios 
(0.1  and  0.5)  and  three  alloys  (given  in  Table  6).  Each  specimen  con- 
tained two  flaws  having  different  initial  sizes. 

Crack  growth  rates  for  the  T-L  direction  were  generated  by  testing  double 
cantilever  beam  specimens  under  uniform  cyclic  loads.  Cracks  were  grown 
over  a series  of  predetermined  increments  of  crack  length.  The  first  incre- 
ment was  induced  using  a peak  cyclic  load  slightly  greater  than  the  load 
used  to  precrack  the  specimen.  The  peak  cyclic  load  was  then  increased 
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by  TOO  1b  for  the  aluminum  alloy  and  500  lbs  for  the  steel  and  titanium 
alloys  and  a second  increment  of  crack  growth  was  generated.  This  proce- 
dure was  repeated  until  data  were  generated  for  the  required  range  of 
lK.  Crack  growth  increments  averaged  about  0.3  inch  in  length. 

Constant  Cyclic  Load  Tests 

Tests  were  conducted  to  evaluate  crack  growth  characteristics  of  both 
surface  and  fastener  hole  flaws  under  uniform  cyclic  loads.  These  tests 
were  intended  to  be  a first  step  toward  the  understanding  of  crack 
growth  behavior  under  spectrum  loadings. 

The  uniform  load  test  program  for  surface  flaws  is  summarized  in  Table  7. 
One  specimen  was  tested  per  alloy/test  condition.  For  aluminum  and  steel 
alloy  tension  loaded  tests,  each  specimen  (Figure  13}  contained  three 
flaws  having  nominal  initial  a/2c  values  of  0.15,  0.30,  and  0.45,  and 
depths  chosen  to  yield  the  same  value  of  stress  intensity  factor  at  each 
flaw  tip  during  the  first  loading  cycle.  Titanium  alloy  specimens  con- 
tained only  two  flaws  with  initial  a/2c  values  of  0,15  and  0.40.  The 
initial  depth  of  all  flaws  in  a given  specimen  was  either  less  than  or 
greater  than  50  percent  of  the  specimen  thickness.  For  all  combined 
bending  and  tension  tests,  each  specimen  contained  only  one  flaw  at  the 
center  of  the  specimen. 

The  uniform  load  test  program  for  cracked  fastener  holes  is  summarized  in 
Table  8,  Both  part-through  and  uniform  through-the-thickness  cracks  were 
tested  for  each  of  the  three  test  alloys.  Each  specimen  contained  three 
initial  defects  as  shown  in  Figure  14,  A single  specimen  contained  one 
of  the  following  combinations  of  flaw  origins:  (1)  one  loaded  and  two 

unloaded  interference  fit  fasteners;  (2)  one  loaded  close  tolerance  fast- 
ener, one  unloaded  close  tolerance  fastener,  and  one  open  hole  with  all 
holes  close  reamed;  (3)  one  loaded  close  tolerance  fastener,  one  unloaded 
close  tolerance  fastener  and  one  open  hole  with  all  holes  cold  worked 
then  close  reamed. 
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The  peak  cyclic  stress  level  was  periodically  lowered  throughout  each 
test  and  a number  of  lower  stress  fatigue  cycles  were  applied  to  the 
test  specimen.  This  procedure  generated  fine  bands  of  fatigue  crack 
growth  around  the  periphery  of  the  flaws  that  could  be  identified  on  the 
fracture  faces  of  the  specimens.  An  example  of  the  marking  bands  in  an 
aluminum  alloy  specimen  is  shown  in  Figure  15.  The  marking  bands  allowed 
a post-test  evaluation  of  the  change  in  flaw  dimensions  throughout  each 
test. 

Overload  Tests 

Overload  tests  were  conducted  by  repeatedly  subjecting  specimens  to  one 
of  the  three  loading  profiles  shown  in  Figure  16.  Most  tests  were  con- 
ducted using  loading  program  A in  which  periodic  tensile  overloads  were 
applied  to  the  test  specimen.  A smaller  number  of  tests  were  conducted 
using  loading  program  B which  included  periodic  small  compressive  over- 
loads. A limited  number  of  tests  were  conducted  on  titanium  alloy 
specimens  using  loading  program  C in  which  each  tensile  overload  was 
followed  immediately  by  a small  compressive  load. 

The  periodic  overload  test  program  for  surface  flaws  is  summarized  in 
Table  9.  Specimen  details  were  the  same  as  previously  described  for  the 
uniform  load  tests.  For  each  specific  ratio  of  peak  overload  to  peak 
cyclic  stress,  the  first  test  was  conducted  by  growing  each  crack  between 
overloads  by  an  amount  equal  to  or  greater  than  Aa-j  where 

= 0.5  <KQ/ays)2  (1) 

and  Kq  is  the  stress  intensity  factor  generated  at  the  crack  tip  by  the 
peak  overload  stress.  The  above  value  of  Aa,  is  about  five  times  the 
comnonly  used  plane  strain  plastic  zone  size  of  1/3*  (K/ct  )'  (Ref.  10). 
Hence,  it  is  believed  that  interactive  effects  between  overloads  were 
minimized  by  this  procedure.  In  subsequent  tests,  the  frequency  of  over- 
loads was  increased. 

The  periodic  overload  program  for  cracked  fastener  hole  tests  is  summa- 
rized in  Table  10.  Specimen  details  are  the  same  as  previously  described 
for  the  uniform  load  tests,  except  that  one  additional  combination  of 
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flaw  origins  was  used,  namely,  one  loaded  interference  fit  fastener,  one 
unloaded  interference  fit  fastener,  and  one  open  cold  worked  hole. 

Equation  1 was  used  to  estimate  the  amount  of  crack  growth  required 
between  overloads  to  reduce  interactive  effects  to  negligibly  small 
values.  Values  of  stress  intensity  factor  were  estimated  using  an 
apDroximate  procedure  given  in  Reference  11.  The  initial  tests  for  each 
value  of  peak  overload  stress  were  conducted  using  an  overload  period 
selected  to  minimize  interaction  effects  between  overloads. 

Spectrum  Load  Tests 

Tests  were  conducted  to  provide  data  with  which  to  compare  results  of 
analytical  predictions  of  crack  propagation  behavior.  Specimen  details 
for  both  surface  flawed  and  cracked  fastener  hole  specimens  were  the 
same  as  for  the  uniform  load  and  periodic  overload  tests  (Figures  13 
and  14). 

The  spectrum  load  test  program  for  surface  flaws  is  summarized  in  Table  11. 
Two  specimens  were  tested  for  each  of  the  six  alloy/spectrum  combinations. 
In  one  specimen,  all  three  flaws  had  initial  flaw  depths  less  than  50  per- 
cent of  the  specimen  thickness.  In  the  second  specimen,  all  flaws  had 
initial  depths  greater  than  50  percent  of  the  specimen  thickness.  Two 
different  SDectra  were  used  including  a bomber  and  a fighter  spectrum. 
Details  of  the  bomber  spectrum  are  included  in  Table  4 and  Figure  11. 
Details  of  the  fighter  spectrum  are  included  in  Table  5. 

The  spectrum  load  test  program  for  cracked  fastener  hole  tests  is  summa- 
rized in  Table  12.  The  first  twelve  specimens  listed  in  Table  12  included 
two  specimens  for  each  of  the  six  alloy/spectrum  combinations.  Specimen 
configuration  was  the  same  as  that  used  for  uniform  load  and  periodic 
overload  tests.  Each  specimen  contained  three  flaw  origins.  The  first 
specimen  contained  one  loaded  interference  fit  fastener,  one  unloaded 
interference  fit  fastener  and  one  open  cold  worked  hole.  The  second 
specimen  contained  one  loaded  close  tolerance  fastener,  one  unloaded 
close  tolerance  fastener,  and  one  open  hole.  The  remaining  six  tests 
in  Table  12  were  all  conducted  under  the  bomber  spectrum.  Specimen  con- 
figuration is  shown  in  Figure  7.  Two  specimens  were  tested  for  each 
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alloy  (except  steel),  including  one  specimen  in  which  the  strap  plate 
was  attached  to  the  specimen  using  one  interference  fit  fastener  and  one 
close  tolerance  fastener  in  a cold  worked  hole,  and  a second  specimen 
using  one  plain  and  one  countersunk  close  tolerance  fastener.  For  the 
steel  alloy,  only  the  close  tolerance  fastener  specimen  was  tested. 

Static  Fracture  Tests  of  4340  Steel  Specimens 

This  series  of  static  fracture  tests  was  conducted  to  evaluate  the  accu- 
racy of  fracture  strength  predictions  based  on  approximate  stress  inten- 
sity factor  calculations  accomplished  in  this  program.  The  4340  steel 
alloy  was  chosen  because  of  its  homogeneous  and  frangible  nature  when 
heat  treated  to  high  strength  levels. 

The  test  program  for  4340  steel  static  fracture  tests  is  summarized  in 
Table  13.  Tests  were  conducted  for  both  single  and  double  corner  cracks 
originating  at  open  holes,  loaded  interference  fit  fasteners,  unloaded 
interference  fit  fasteners,  and  loaded  close  tolerance  fasteners.  Other 
test  variables  included  hole  diameter  (0.25  and  0.375  inch),  and  flaw 
depth-to-thickness  ratio  (0.4,  0.6  and  0.8).  All  tests  were  conducted  by 

loading  the  specimens  to  failure  using  a loading  rate  of  100  ksi  per 

minute.  All  specimens  were  instrumented  with  clip  gages  spring  loaded 
against  knife  edges  spot  welded  to  the  specimen.  The  spot  welds  were 

located  0.06  +0.01  inch  away  from  the  edge  of  the  hole  and  immediately 

above  and  below  the  mouth  of  the  crack. 

2.2.4  Stress  Intensity  Factor  Calculations 

Methods  used  for  calculating  stress  intensity  factors  for  both  surface 
flawed  and  pin-loaded  double  cantilever  beam  specimens  are  described  in 
this  section.  Methods  for  calculating  stress  intensity  factors  for 
cracked  fastener  hole  specimens  were  developed  during  the  course  of  this 
program  and  are  described  in  Section  4.0. 

Tension  Loaded  Surface  Flaws 

Stress  intensity  factors  for  tension  loaded  surface  flawed  specimens  were 
calculated  using  solutions  due  to  Shah  and  Kobayashi  (12).  Stress  inten- 
sity factors  at  the  points  of  maximum  crack  depth  were  calculated  using 
the  equation 
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Kj  = F(a/c,  a/t)  a^/ua/Q 


(2) 


where  the  function  F(a/c,  a/t)  accounts  for  the  effect  of  both  front  and 
back  specimen  face  on  stress  intensity  factor  at  the  point  of  maximum 
depth.  Values  of  F(a/c,  a/t)  are  included  in  Figure  17.  In  addition, 

Oj  is  applied  stress,  'a'  is  crack  depth,  and  Q is  factor  that  accounts 
for  the  effect  of  crack  shape  and  plasticity  at  the  crack  tip  on  stress 
intensity  factor.  Values  of  Q are  included  in  Figure  18.  Stress  inten- 
sity factors  at  the  end  of  the  major  axes  of  the  flaws  (at  the  specimen 
surfaces)  were  calculated  using  the  equation 


where  1.1  was  taken  as  a best  estimate  of  the  effect  of  the  front  spec- 
imen face  on  stress  intensity  factor  at  the  specimen  surface.  This  esti- 
mate was  based  on  solutions  contained  in  Reference  13.  The  remainder  of 
the  equation  is  the  Irwin  (14)  solution  for  stress  intensity  factor  at 
the  end  of  the  semi-major  axis  of  an  embedded  elliptical  flaw  in  a body 
subjected  to  tensile  stresses  acting  perpendicular  to  the  flaw  plane. 
Symbols  *a'  and  Q were  previously  defined. 

Stress  intensity  factors  for  surface  flaws  subjected  to  pure  bending 
stresses  were  calculated  using  solutions  provided  by  Shah  and  Kobayashi 
(15)  and  Grandt  (16).  At  the  point  of  maximum  depth,  stress  intensity 
factor  was  calculated  using  the  equation 


where  values  of  Mg^  were  taken  from  Reference  15  and  are  plotted  in 
Figure  19.  At  the  specimen  surfaces,  stress  intensity  factors  at  the 
end  of  the  major  axes  of  the  flaws  were  calculated  using  Equation  4 with 
Mbo  replaced  by  a different  set  of  factors  (Mggg)  which  were  taken  from 
Reference  16  and  are  plotted  in  Figure  20. 


Kj  = 1.1  aj/na/Q  • /a/c 


(3) 


KI  = MB0 


(4) 
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Stress  intensity  factors  for  double  cantilever  beam  specimens  were  calcu- 
lated using  the  equation 


K 


I 


. 2P  r A iV2 

" b L b J 
n 


£ 3(a+0.6h)2  + h2  jl/2 
(1 -y2)h3 


(5) 


where  P is  applied  load 

b is  specimen  width 

b.  is  crack  width 
n 

h is  one-half  specimen  height 
E is  Young's  modulus 
a is  crack  length 
v is  Poisson's  ratio 


Equation  5 is  based  on  the  relationship  between  strain  energy  release 
rate  {*& ) and  specimen  compliance  (C ) (17) 


j&  = 


P2  3C 
^ ' 3a 


and  the  semi -empirical  relationship  between  load  and  specimen  compliance 
(18) 


C = 2/3EI  [(a+Q.6h)3  + h2a] 


(6) 


Equation  6 has  been  found  to  be  an  accurate  representation  of  specimen 
compliance  for  the  specimen  configurations  used  in  this  program  (5). 
Stress  intensity  factor  was  obtained  from  fusing  the  equation 


(7) 


which  is  applicable  to  conditions  of  generalized  plane  strain.  There  is 
some  question  as  to  whether  the  1-u  term  in  Equation  7 is  applicable. 
However,  its  contribution  to  calculated  stress  intensity  factors  is 
small . 
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3.0  RESULTS  AND  DISCUSSION  OF  SURFACE  FLAW  TESTS 


Results  of  each  of  the  four  series  of  surface  flaw  tests  (baseline,  con- 
stant cyclic  load,  overload,  and  spectrum  load)  are  presented  and  dis- 
cussed in  the  following  subsections. 

3.1  Baseline  Crack  Growth  Rate  Tests 

Tests  were  conducted  to  determine  baseline  crack  growth  rate  data  under 
uniform  tension,  pure  bending,  and  combined  bending  and  tension  loadings. 
These  data  were  used  as  a baseline  against  which  to  compare  data  from  the 
remaining  series  of  tests. 

3.1.1  Uniform  Tension  and  DCB  Tests 

Crack  growth  rate  data  for  the  thickness  (T-S)  direction  resulting  from 
baseline  tests  of  2219-T851  aluminum,  9Ni-4Co-0.2C  steel,  and  6A1-4V 
standard  ELI  beta  annealed  titanium  are  plotted  as  a function  of  peak 
cyclic  stress  intensity  factor  in  Figures  21,  22  and  23,  respectively. 
Tabulated  results  are  included  in  Tables  1 through  9 in  Volume  2 of  this 
report.  Data  were  generated  using  three  stress  ratios  (0.1,  0.3  and  0.5) 
and  three  different  peak  cyclic  stress  levels  for  each  stress  ratio.  All 
data  points  having  similar  shading  were  generated  using  a single  peak 
cyclic  stress  level. 


The  crack  growth  rate  data  were  fitted  using  the  equation: 


da/dN  = C(KTOX  - Kth)ra  UK)" 


where  da/dN 
C 

^max 

Kth 

4K 

m,n 


fatigue  crack  growth  rate  in  inches/cycle 
a constant 

peak  cyclic  stress  intensity  factor 

peak  cyclic  threshold  stress  intensity  factor 

range  in  stress  intensity  factor 

exponents 


(8) 
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Values  of  C,  m and  n were  determined  by  least  square  fitting  the  data  in 
Figures  21  through  23  using  the  following  assumed  values  of  Kth:  1.5  ksi 

/in'  for  the  aluminum,  10  ksi/TrT  for  the  steel,  and  5 ksi /irT  for  the 
titanium.  The  following  values  of  C,  m and  n resulted. 


Alloy 

C 

m 

n 

A1-2219-T851 

0.34  x 

10'8 

0.84 

2.40 

Fe-9Ni-4Co-0.2C 

0.40  x 

10"8 

0.57 

1.76 

T i -6A1 -4V  /3A 

0.33  x 

io-10 

1.02 

3.00 

The  solid  lines  in  each  of  the  Figures  21  through  23  are  plots  of  Equation 
8 using  the  appropriate  values  of  C,  m and  n.  It  is  evident  that  the 
equation  provides  a good  representation  of  the  combined  effects  of  stress 
ratio  and  stress  intensity  factor  on  fatigue  crack  growth  rates  over  most 
of  the  K ranges  tested.  For  the  aluminum  and  titanium  alloys,  crack 
growth  rates  for  the  highest  K values  are  larger  than  given  by  Equation  8 
since  the  equation  does  not  account  for  the  known  behavior  that  crack 
growth  rates  tend  to  very  large  values  as  approaches  Kcr-  The  ranges 
of  over  which  Equation  8 did  show  good  agreement  with  the  data  are 
14  < Kft)ax  < 28  ksi  /in’  for  the  aluminum  alloy,  15  < Kmax  < 100  ksi  /in" 
for  the  steel  alloy,  and  20  < < 60  ksi  /Tn  for  the  titanium  alloy. 


Multiple  maximum  cyclic  stress  levels  were  used  in  generating  baseline 
data  to  determine  whether  peak  cyclic  stress  level  had  any  effect  on  crack 
growth  rates  over  and  above  its  contribution  to  stress  intensity  factor. 
Earlier  investigations  (19,20)  led  to  the  observation  that  crack  growth 
rates  for  surface  flaws  at  constant  stress  ratio  and  stress  intensity 
factor  appeared  to  be  inversely  proportional  to  the  square  of  the  peak 
cyclic  stress  level.  Such  stress  level  effects  manifest  themselves  as  a 
layering  of  crack  growth  rate  data  with  respect  to  stress  level  on  K ver- 
sus da/dN  plots.  In  this  investigation,  two  or  three  data  points  were 
generated  at  each  stress  ratio  and  peak  cyclic  stress  level.  Each  set  of 
data  points  generated  at  a single  stress  level  is  joined  by  a short 
dashed  line  in  Figures  21  through  23.  The  data  showed  no  consistent  tend- 
ency to  be  layered  with  respect  to  stress  level,  although  some  individual 
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sets  of  data  did  exhibit  slopes  less  than  the  slope  of  the  solid  lines 
used  to  represent  all  the  data.  It  was  concluded  that,  for  the  ranges 
of  stress  intensity  factors  used  in  the  baseline  tests,  the  data  for  a 
given  alloy  and  stress  ratio  were  best  correlated  by  a single  crack 
growth  rate  curve  rather  than  a family  of  curves  including  one  curve  for 
each  peak  cyclic  stress  level. 

Crack  growth  rates  for  the  lateral  (T-L ) direction  were  generated  by 
testing  double  cantilever  beam  specimens  having  the  configuration  shown 
in  Figure  A2.  Specimen  thicknesses  were  0.45  inch  for  the  aluminum  alloy, 
0.50  inch  for  the  steel  alloy,  and  0.375  inch  for  the  titanium  alloy.  The 
resulting  crack  growth  rate  data  are  plotted  in  Figures  24  through  26 
along  with  solid  curves  representing  average  crack  growth  rates  for  the 
T-S  direction.  Tabulated  results  are  included  in  Tables  10  through  14 
in  Volume  2 of  this  report.  For  the  aluminum  and  steel  alloys,  there  is 
excellent  agreement  between  crack  growth  rate  data  for  the  two  directions. 
Only  a limited  amount  of  crack  growth  rate  data  were  obtained  for  the  T-L 
direction  in  the  titanium  alloy  (Figure  26)  due  to  experimental  diffi- 
culties. Crack  growth  rate  curves  taken  from  Reference  5 are  included  in 
Figure  26  to  aid  in  evaluation  of  the  data.  The  agreement  between  the 
Reference  5 curves  and  the  data  generated  herein  is  good  as  is  the  agree- 
ment between  crack  growth  rates  for  the  T-S  and  T-L  directions.  Hence, 
it  was  concluded  that  crack  growth  rates  for  both  the  T-S  and  T-L  direc- 
tions could  be  represented  by  a single  crack  growth  rate  expression, 
namely.  Equation  8 fitted  to  the  baseline  data  for  the  T-S  direction. 

3.1.2  Pure  Bending  Tests 

Crack  growth  rates  for  both  the  depthwise  (T-S)  and  lateral  (T-L)  direc- 
tions were  measured  by  growing  surface  cracks  under  pure  bending  stresses 
as  described  in  Section  2.2.3.  Raw  data  from  these  tests  are  listed  in 
Tables  15  through  17  in  Volume  2 of  this  report.  Crack  growth  rate  data 
are  plotted  on  graphs  of  crack  growth  rate  versus  peak  cyclic  stress 
intensity  factor  in  Figures  27  through  29.  Rates  for  the  T-S  direction 
were  obtained  from  periodic  determinations  of  crack  depth  and  rates  for 
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the  T-L  direction  were  obtained  from  similar  measurements  of  crack  width. 
The  solid  curves  in  the  figures  are  the  average  curves  used  to  represent 
baseline  crack  growth  rate  data  obtained  from  the  uniform  tension  tests. 

For  the  T-S  direction,  crack  growth  rates  in  the  aluminum  and  steel  alloys 
tend  to  be  slower  under  pure  bending  stresses  than  under  uniform  tension 
stresses.  Furthermore,  the  effects  of  stress  ratio  appear  to  be  more 
pronounced  for  bending  stresses  than  for  tension  stresses.  On  the  other 
hand,  agreement  between  crack  growth  rate  data  for  bending  and  tension 
stresses  in  the  titanium  alloy  is  good.  For  the  T-L  direction,  agreement 
between  crack  growth  rates  for  bending  and  uniform  tension  stresses  was 
good  for  all  three  alloys. 

There  does  appear  to  be  some  differences  between  crack  growth  rates  gen- 
erated under  pure  bending  and  uniform  tension  stresses  when  correlated 
using  the  stress  intensity  factor  formulations  described  in  Section  2.2.4 
of  this  report.  It  is  not  clear  whether  these  differences  arise  from 
systematic  errors  in  stress  intensity  factor  calculations  or  from  funda- 
mental differences  in  crack  growth  behavior  under  bending  and  uniform 
tension  stresses.  Since  the  differences  were  not  large  {usually  less 
than  a factor  of  two),  it  was  assumed  in  this  report  that  K - da/dN 
correlations  for  bending  and  uniform  tension  stresses  were  equivalent. 

3.1.3  Summary 

Baseline  crack  growth  rate  data  for  both  the  T-S  and  T-L  directions  were 
in  good  agreement  for  all  three  test  alloys,  including  2219-T851  aluminum, 
9Ni-4Co-0.2C  steel,  and  6A1-4V  standard  ELI  beta  annealed  titanium.  The 
combined  effects  of  stress  intensity  factor  and  stress  ratio  on  crack 
growth  rate  were  well  accounted  for  by  fitting  Equation  8 to  the  crack 
growth  rate  data.  Equation  8 does  not  account  for  the  known  behavior 
that  crack  growth  rates  tend  to  large  values  as  the  peak  cyclic  stress 
intensity  factor  approaches  the  critical  stress  intensity  factor.  Attempts 
to  determine  whether  peak  cyclic  stress  level  had  any  effect  on  crack 
growth  rates  over  and  above  its  contribution  to  stress  intensity  factor 
were  inconclusive.  It  appeared  that  the  crack  growth  rate  data  could  be 
better  correlated  by  ignoring  possible  stress  level  effects.  Finally, 
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there  did  appear  to  be  some  differences  between  crack  growth  rate  data 
generated  under  pure  bending  and  uniform  tension  stresses.  For  constant 
peak  cyclic  stress  intensity  factor,  crack  depth  growth  rates  under  pure 
bending  stresses  tended  to  be  moderately  slower  than  rates  under  uniform 
tension  stresses.  This  effect  was  more  pronounced  at  R = 0.5  than  at 
R = 0.1. 

3.2  Constant  Cyclic  Load  Tests 

3.2.1  Uniform  Tension  Tests 

Constant  cyclic  load  tests  were  conducted  by  growing  surface  flaws  under 
uniform  cyclic  loads  until  they  penetrated  the  specimen  thickness.  Speci- 
men configurations  are  detailed  in  Figure  AS.  Experimental  procedures  are 
included  in  Section  2.2.2  and  experimental  approach  and  test  programs  are 
outlined  in  Section  2.2.3.  Raw  data  from  all  tests  are  tabulated  in  Tables 
18  through  33  in  Volume  2 of  this  report.  Fatigue  crack  growth  rates  for 
the  depthwise  (T-S)  direction  are  plotted  as  a function  of  peak  cyclic 
stress  intensity  factors  in  Figures  30  through  32.  Similar  data  for  the 
lateral  (T-L)  direction  are  plotted  in  Figures  33  through  35. 

There  were  two  major  differences  between  the  constant  cyclic  load  tests 
and  the  baseline  tests:  1)  tests  were  conducted  for  a much  wider  range 

of  crack  depth-to-width  ratios  and  crack  depth-to-thickness  ratios;  and 
2}  specimens  were  only  about  one-half  as  thick  as  the  baseline  specimens. 

Crack  depth  growth  rate  data  obtained  from  constant  cyclic  load  tests  are 
in  good  agreement  with  comparable  data  obtained  from  baseline  tests  for 
all  three  test  alloys.  This  is  illustrated  in  Figures  30  through  32  where 
the  data  points  represent  constant  cyclic  load  data  and  the  solid  curves 
are  average  baseline  crack  growth  rate  curves.  For  the  aluminum  and  steel 
alloys,  there  was  a tendency  for  the  constant  cyclic  load  data  for  R = 0.1 
to  fall  slightly  to  the  right  of  the  baseline  curve.  This  result  may  have 
been  due  to  systematic  effects  of  change  in  specimen  thickness.  However, 
the  differences  are  too  small  to  be  important.  Accordingly,  it  was  con- 
cluded that  stress  intensity  factors  calculated  using  Equation  2 can  be 
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used  to  correlate  crack  depth  growth  rate  data  for  a wide  range  of  sur- 
face flaw  geometries  (0.15  < a/2c  < 0.50  and  0.2  < a/t  < 1 .0)  in  aluminum, 
steel,  and  titanium  alloy  components. 

Crack  width  growth  rate  data  obtained  from  constant  cyclic  load  tests 
exhibited  considerable  scatter  and  were  in  poor  agreement  with  comparable 
data  obtained  from  baseline  tests  for  all  three  test  alloys.  This  is 
illustrated  in  Figures  33  through  35  where  crack  growth  rate  data  from  the 
two  series  of  tests  are  compared.  Crack  width  growth  rates  from  the  con- 
stant cyclic  load  tests  tended  to  be  significantly  faster  than  crack  growth 
rates  from  the  baseline  tests.  This  effect  was  more  pronounced  for  deep, 
wide  flaws  than  for  shallow,  short  flaws.  There  are  a number  of  factors 
that  probably  contributed  to  the  poor  agreement  including:  1)  inaccura- 

cies in  stress  intensity  factor  formulas;  2)  non-elliptical  crack  shapes; 
and  3)  presence  of  the  stress -free  front  specimen  face.  It  is  difficult 
to  evaluate  the  relative  effects  of  the  foregoing  factors.  However,  it  is 
believed  that  Equation  3 underestimated  the  stress  intensity  factors  at 
the  ends  of  the  semi -major  axes  of  the  flaws.  Equation  3 was  obtained  by 
multiplying  the  stress  intensity  factor  at  the  end  of  the  major  axis  of  a 
fully  embedded  elliptical  crack  by  a constant  factor  of  1,1.  Smith  (21) 
and  Thresher  and  Smith  (13)  have  calculated  stress  intensity  factors  at 
the  points  where  the  peripheries  of  semi-circular  surface  flaws  and  part- 
circular  cracks  intersect  the  specimen  surface  and  derived  factors  for 
Equation  3 ranging  from  1.1  to  1.26.  Recent  unpublished  work  by  Smith 
has  led  to  even  higher  factors  for  Equation  3 for  long  deep  surface  cracks. 
Hence,  it  does  appear  that  Equation  3 underestimated  the  stress  intensity 
factors  at  the  ends  of  the  major  axes  of  the  surface  flaws.  On  the  basis 
of  this  work,  a multiplying  factor  of  1.25  would  be  more  appropriate  for 
Equation  3 than  the  factor  of  1.1  that  was  used  in  this  program.  The 
potential  effects  of  the  other  factors  that  may  have  affected  crack  width 
growth  rate  correlations  (crack  shape  and  stress  free  specimen  face) 
cannot  be  quantitatively  evaluated.  Nevertheless,  it  is  believed  that 
inaccuracies  in  stress  intensity  factor  correlations  were  the  major  con- 
tributor to  the  poor  crack  width  growth  rate  correlations  shown  in 
Figures  33  through  35. 
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3.2.2  Combined  Bending  and  Tension  Tests 

Combined  bending  and  tension  tests  were  conducted  by  subjecting  surface 
flawed  specimens  to  combined  axial  and  lateral  loads  as  described  in 
Section  2.2.3  of  this  report.  Raw  test  data  are  tabulated  in  Tables  22 
through  35  in  Volume  2 of  this  report.  Fatigue  crack  growth  rate  data 
for  both  the  depthwise  (T-S)  and  lateral  (T-L)  directions  are  plotted  as 
a function  of  peak  cyclic  stress  intensity  factor  in  Figures  36,  37  and 
38  for  the  aluminum,  steel  and  titanium  alloys,  respectively. 

For  the  depthwise  (T-S)  direction,  crack  growth  rates  measured  under  com- 
bined bending  and  tension  stresses  tend  to  be  slower  than  the  average 
baseline  tension  rates  for  the  aluminum  and  titanium  alloys.  On  the  other 
hand,  agreement  is  good  for  the  steel  alloy.  In  these  tests,  the  uniform 
tension  component  of  the  stress  fields  contributed  two-thirds  or  more  of 
the  stress  intensity  factor  at  the  crack  tip  and  so  it  is  surprising  that 
data  for  the  different  stress  fields  did  not  show  more  consistent  agree- 
ment. At  this  time,  it  is  not  known  why  the  agreement  was  not  better. 

For  the  lateral  (T-L)  direction,  agreement  between  crack  growth  rate  data 
measured  under  combined  bending  and  tension  and  uniform  tension  stress 
fields  are  in  reasonably  good  agreement.  Previously  described  pure  bend- 
ing and  uniform  tension  tests  led  to  the  result  that  crack  growth  rates 
for  the  lateral  (T-L)  direction  were  faster  than  baseline  rates  for  uni- 
form tension  stresses,  and  equal  to  or  slower  than  baseline  rates  for 
pure  bending  stresses.  In  the  combined  bending/tension  tests,  the  bending 
stresses  were  responsible  for  a higher  percentage  of  total  stress  inten- 
sity factor  for  the  lateral  direction  than  for  the  depthwise  direction. 
Consequently,  reasonable  agreement  was  obtained  between  bending/tension 
and  baseline  crack  growth  rate  data. 

Some  unresolved  differences  were  noted  between  crack  growth  rate  data 
obtained  with  and  without  the  presence  of  bending  stresses.  However, 
since  crack  growth  rates  in  the  absence  of  bending  stresses  were  always 
equal  to  or  greater  than  rates  obtained  with  bending  stresses  present, 
it  was  concluded  that  baseline  uniform  tension  crack  growth  rate  data 
could  be  safely  used  to  predict  crack  propagation  lives  for  structures 
subjected  to  combined  bending  and  tension  stresses. 


25 


3.2.3  Comparison  of  Predicted  and  Actual  Results 

For  each  of  the  surface  flaws  that  were  tested  under  uniform  tension 
stresses,  predictions  were  made  of  the  number  of  loading  cycles  that  would 
be  required  to  grow  the  crack  from  its  initial  to  final  depth  when  growing 
under  the  actual  test  conditions.  Predictions  were  made  by  simultaneous 
integration  of  Equation  8 for  both  the  depthwise  and  lateral  directions, 
i .e. , 


«S.x-  Kth>m  (8) 

Values  of  K^,  C,  m and  n for  each  alloy  were  obtained  from  a least  square 
fit  of  the  baseline  tension  da/dN  data  as  described  in  Section  3.1.1. 
Integration  of  crack  depth  growth  was  carried  out  between  the  limits  of 
measured  initial  and  final  crack  depth.  Integration  of  crack  width  growth 
was  carried  out  from  a lower  limit  of  measured  initial  crack  width  until 
the  calculated  crack  depth  reached  the  measured  final  crack  depth.  Hence, 
the  predicted  crack  shape  (a/2c)  at  the  end  of  the  test  differed  from  the 
actual  a/2c.  Predicted  lives  are  summarized  and  compared  to  actual  lives 
in  Tables  14,  15  and  16  for  the  aluminum,  steel  and  titanium  alloys, 
respectively.  Predicted  lives  are  plotted  against  test  lives  in  Figure  39. 

The  agreement  between  predicted  and  actual  test  lives  was  very  good.  The 
ratio  of  actual  to  predicted  life  ranged  from  a minimum  of  0.6  to  a maxi- 
mum of  1.3.  The  result  shows  that  baseline  crack  propagation  data  can  be 
used  in  conjunction  with  the  stress  intensity  formulations  described  in 
Section  2.2.4  to  predict  crack  propagation  behavior  of  surface  flaws  in 
structures  subjected  to  constant  cyclic  tension  stresses.  Predictions 
could  be  improved  slightly  by  modifying  Equation  3 for  stress  intensity 
factor  at  the  ends  of  the  major  axes  of  surface  flaws.  This  could  be 
accomplished  by  increasing  the  multiplying  factor  from  1.1  to  1.25  as 
discussed  in  Section  3.2.1. 

3.2.4  Flaw  Interaction  Effects 

There  was  evidence  that  some  test  results  from  the  aluminum  alloy  deep 
flaw  specimens  were  affected  by  interaction  between  the  three  flaws  in  a 
given  specimen.  This  is  illustrated  in  Figure  40  where  both  experimental 
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and  predicted  flaw  depth  versus  cycle  curves  are  included  for  aluminum 
alloy  deep  flaw  specimens  SUTA1-2  and  SUTA5-2.  Predictions  were  made  as 
described  in  Section  3.2.2,  except  that  experimental  and  predicted  values 
of  cycles  to  breakthrough  for  Flaw  No.  3 were  forced  to  agree  for  each 
specimen.  In  specimen  SUTA1-2,  the  relationship  between  experimental  and 
predicted  results  is  different  for  Flaw  No.  2 than  for  the  other  two  flaws. 
Crack  depth  growth  for  Flaw  No.  2 proceeded  more  slowly  than  predicted 
and  the  discrepancy  between  predicted  and  experimental  results  increased 
as  crack  depth  increased.  This  result  could  have  been  due  to  the  load 
alleviating  effect  of  the  two  outer  flaws  (#1  and  #3)  on  the  middle  flaw 
(#2).  On  the  other  hand,  relationships  between  experimental  and  pre- 
dicted crack  growth  behavior  were  different  in  the  second  deep  flaw  speci- 
men SUTA5-2.  In  SUTA5-2,  Flaw  No.  3 grew  faster  than  predicted,  whereas 
Flaw  No.  2 grew  as  predicted.  Since  interaction  effects  would  result  in  a 
slowing  down  of  crack  growth  rates,  the  results  of  Specimen  SUTA5-2  indi- 
cate that  flaw  interaction  was  not  a significant  factor  unless  the  inter- 
active effects  were  the  same  for  all  three  flaws. 

There  are  no  theoretical  solutions  giving  stress  intensity  factors  for  an 
array  of  parallel  surface  flaws.  However,  some  insight  can  be  gained  from 
stress  analyses  for  arrays  of  through-the-thickness  cracks.  The  selection 
of  crack  spacing  for  the  specimens  in  this  program  (3.5  inches  for  the 
aluminum  alloy  and  3.0  inches  for  the  steel  alloy)  was  based  on  an  approx- 
imate solution  (22)  for  stress  intensity  factors  at  the  tips  of  arrays 
of  parallel  through-the-thickness  cracks.  This  solution  showed  that  load 
alleviation  due  to  cracks  having  lengths  equal  to  the  maximum  surface 
crack  lengths  tested  in  this  program  would  influence  the  stress  intensity 
factors  by  less  than  two  percent.  However,  other  similar  solutions  (23. 

24)  yield  a greater  influence  of  flaw  interaction  on  stress  intensity 
factor  than  the  Reference  1 solution.  For  the  aluminum  alloy  specimens 
in  which  crack  length  was  limited  to  1.8  inches  by  stop  drilling,  Refer- 
ence 24  predicts  that  stress  intensity  factors  would  be  reduced  by  6%  for 
the  outer  cracks  and  14%  for  the  middle  cracks,  assuming  equal  lengths  for 
all  three  cracks.  It  is  believed  that  these  values  are  good  estimates  of 
the  maximum  effects  of  flaw  interaction  on  stress  intensity  factors  that 
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occurred  in  this  test  program.  Since  the  maximum  effects  are  not  large 
and  occurred  only  during  the  latter  stages  of  some  tests,  it  was  con- 
cluded that  flaw  interaction  was  not  a significant  factor  in  the  test 
program  reported  herein. 

3.3  Overload  Tests 

Overload  cyclic  tests  were  conducted  by  repeatedly  subjecting  surface 
flaw  specimens  to  one  of  the  three  loading  programs  shown  in  Figure  16. 
Most  tests  were  conducted  using  loading  program  A,  which  contained  an 
initial  tensile  overload  followed  by  a block  of  uniform  load  cycles 
having  a peak  cyclic  stress  less  than  that  of  the  overload.  The  remain- 
ing tests  were  conducted  using  loading  programs  B and  C which  contained 
either  a compressive  load  cycle  or  a tensile/compressive  loading  cycle 
followed  by  a block  of  uniform  load  cycles.  Experimental  procedures  are 
outlined  in  Section  2.2.2.  Experimental  approach  and  test  program  are 
described  in  Section  2.2.3.  Forty-five  specimens  were  equally  divided 
between  each  of  the  three  test  alloys  (2219-T851  aluminum  9Ni-4Co-0.2C 
steel,  6A1-4V  beta  annealed  titanium)  as  summarized  in  Tables  17  through 
19.  Tests  designated  as  single  overload  tests  were  subjected  to  only 
one  loading  program,  or  multiple  loading  programs  in  which  the  overloads 
(positive  or  negative)  were  believed  to  be  separated  by  a sufficient 
number  of  cycles  to  minimize  interactive  effects.  Tests  designated  as 
periodic  overload  tests  were  subjected  to  more  frequent  overloads  to 
investigate  interactive  effects  between  overloads.  Test  results  are 
tabulated  in  Tables  36  through  80  in  Volume  2 of  this  report. 

3.3.1  Uniform  Tension  Overload  Tests 

The  most  significant  results  of  the  uniform  tension  overload  tests  were: 
1)  tensile  overloads  resulted  in  subsequent  transient  reductions  in 
crack  growth  rates  relative  to  rates  that  would  have  existed  in  the 
absence  of  the  overloads;  2)  tensile  overloads  resulted  in  large  amounts 
of  apparent  crack  growth  during  the  overload  cycle;  3)  small  compressive 
loads  applied  immediately  after  tensile  overloads  reduced  the  crack 
growth  retardation  effects  of  the  tensile  overloads;  and  4)  small  per- 
iodic negative  loads  had  no  detectable  influence  on  subsequent  crack 
growth  rate  behavior.  These  results  are  discussed  in  detail  in  the  fol- 
lowing sections. 
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3. 3. 1.1  Crack  Growth  Purina  Overloads 

It  appeared  that  each  tensile  overload  resulted  in  significantly  more 
crack  growth  than  would  be  predicted  on  the  basis  of  uniform  load  crack 
growth  rate  data.  This  inference  was  based  on  the  appearance  of  the 
fracture  surfaces  of  the  test  specimens  which  contained  regularly  spaced 
dark  bands  around  the  initial  flaw  periphery,  with  the  number  of  bands 
equal  to  the  number  of  overloads.  The  dark  bands  are  illustrated  in 
Figure  41  where  the  fracture  surfaces  of  the  three  flaws  in  Specimen 
SPOTA-2  are  shown.  Specimen  SPOTA-2  was  subjected  to  five  tensile  over- 
loads having  peak  stress  levels  of  36  ksi,  including  one  at  the  outset 
of  the  test  and  one  every  13,000  cycles  thereafter.  Between  overloads, 
the  specimen  was  subjected  to  uniform  cyclic  loading  having  a peak 
cyclic  stress  of  18  ksi  and  stress  ratio  of  0.1.  It  was  concluded  that 
the  dark  bands  most  probably  resulted  from  crack  growth  that  occurred 
during  the  overload  cycle  and  the  light  areas  resulted  from  fatigue 
crack  growth  between  overloads.  Comparable  fracture  surfaces  from  steel 
alloy  specimen  SPOTS -1  and  titanium  alloy  specimen  SPOTT-3  are  shown 
in  Figures  42  and  43.  For  the  titanium  alloy,  periodic  bands  of  crack 
growth  that  occurred  during  overloads  were  readily  observed  only  with 
the  use  of  polarizing  lenses. 

Based  on  the  assumption  that  the  width  of  the  dark  bands  on  the  fracture 
surfaces  did  represent  crack  growth  during  overloads,  crack  depth  growth 
rates  for  the  overload  cycles  were  plotted  against  peak  stress  intensity 
factors  due  to  the  overloads  in  Figures  44  through  46.  Baseline  crack 
growth  rate  curves  are  included  in  each  of  the  figures  for  comparison. 

The  crack  growth  rates  for  the  overload  cycles  are  approximately  two 
orders  of  magnitude  greater  than  comparable  baseline  rates  for  all  three 
alloys.  Hence,  it  appears  that  tensile  overloads  result  in  considerably 
more  crack  growth  than  would  be  predicted  on  the  basis  of  uniform  cyclic 
load  crack  growth  rates.  Similar  results  have  been  previously  reported 
in  the  literature  for  beta  annealed  T i -6A1 -4V (5)  and  2024-T3  aluminum  (25), 

Crack  closure  theory  predicts  larger  crack  growth  rates  for  single  over- 
loads than  those  predicted  on  the  basis  of  uniform  load  crack  growth  rate 
data.  Hence,  an  attempt  was  made  to  see  if  the  discrepancies  between 


29 


baseline  and  overload  crack  growth  rates  could  be  explained  using  crack 
closure  theory.  According  to  crack  closure  theory,  residual  displace- 
ments left  in  the  wake  of  a propagating  crack  come  in  contact  at  low 
loads  and  prevent  the  crack  from  closing  completely.  Hence,  the  effec- 
tive aK  {aK  ff)  is  somewhat  less  than  the  applied  aK  calculated  by  sub- 
stituting the  applied  load  range  (aP)  into  the  applicable  stress  inten- 
sity factor  equation.  Elber  (26)  was  the  first  to  observe  crack  closure 
and  proposed  the  following  relationship  between  aK^  and  aK  for  uniform 
stress  loading  profiles 

aK  ff  = (0.5  + 0.4R)aK  (9) 

where  R is  the  stress  ratio.  There  is  some  doubt  as  to  the  validity  of 
Equation  9 (27)  but  it  will  be  used  in  the  following  analysis  since  it 
predicts  the  largest  crack  closure  effects  reported  to  date.  When  a 
crack  is  growing  under  a uniform  cyclic  loading  profile  having  a stress 
ratio  of  0.1,  Equation  9 predicts  that  the  crack  faces  do  not  completely 
separate  until  the  stress  level  reaches  51  percent  of  the  peak  cyclic 
stress  level.  When  the  loading  program  is  interrupted  by  a single  over- 
load, the  opening  stress  during  the  overload  remains  the  same  but  the  peak 
stress  level  is  increased,  and  aK^^/aK  for  the  overload  is  larger  than 
predicted  by  Equation  9.  The  crack  growth  rate  data  and  curves  in  Figures 
44  through  46  were  replotted  as  a function  of  AK^^  in  Figures  47  through 
49,  where  it  is  seen  that  crack  closure  theory  alone  does  not  explain  the 
large  crack  growth  rates  observed  during  tensile  overloads. 

In  the  foregoing  analysis,  it  was  assumed  that  the  width  of  the  periodic 
dark  bands  on  the  fracture  faces  was  equal  to  the  amount  of  crack  growth 
that  occurred  during  the  overloads.  This  assumption  needs  to  be  sub- 
stantiated before  any  definite  conclusions  can  be  drawn  with  respect  to 
the  effects  of  overloads  on  growth  of  surface  flaws.  It  is  possible 
that  electron  fractography  would  be  able  to  establish  a relationship 
between  band  width  and  crack  growth  during  overloads.  In  the  absence 
of  such  information,  however,  it  is  recommended  that  the  detrimental 
effects  of  overloads  on  surface  flaw  growth  be  assumed  to  be  as  large 
as  those  indicated  by  the  results  in  this  program. 
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3. 3. 1.2 


Retardation  Effects 


Single  Overload  Tests 

The  effects  of  single  overloads  on  crack  growth  rate  behavior  were 
evaluated  using  continuous  recordings  of  crack  displacement  versus  load- 
ing cycles  obtained  from  each  test.  The  test  record  obtained  from  alum- 
inum alloy  specimen  SOTA-1  (Figure  50)  is  typical  of  records  obtained 
from  specimens  subjected  to  tensile  and  tensile/compressive  overloads. 
Specimen  SOTA-1  was  subjected  to  two  overloads  having  peak  stress  levels 
of  36  ksi  followed  by  uniform  cycling  to  peak  cyclic  stress  of  18  ksi. 

The  initial  overload  was  applied  at  the  outset  of  the  test  and  the 
second  overload  was  applied  20,700  cycles  later.  Figure  50  also  includes 
a record  of  crack  displacement  versus  cycles  for  Specimen  SUTA-1  which 
was  tested  under  a uniform  cyclic  loading  profile  having  a peak  stress 
of  18  ksi.  The  test  record  obtained  from  Specimen  S0TA-3  (Figure  51}  is 
typical  of  records  obtained  from  specimens  subjected  to  compressive  loads 
(Program  B in  Figure  16).  Specimen  SOTA-3  was  subjected  to  a compres- 
sion cycle  having  a minimum  stress  of  -1.8  ksi  at  the  outset  of  the  test 
followed  by  uniform  cycling  to  a peak  cyclic  stress  of  18  ksi.  Figure 
51  also  includes  a record  of  crack  displacement  versus  cycles  for  Speci- 
men SUTA-1  which  was  tested  under  a uniform  cyclic  loading  profile  having 
a peak  stress  of  18  ksi.  The  test  records  for  the  two  specimens  are  in 
good  agreement. 

The  characteristics  of  the  test  record  for  Specimen  SOTA-1  shown  in 
Figure  50  are  typical  of  the  records  obtained  from  all  aluminum  alloy 
single  overload  specimens.  The  slope  of  each  segment  of  the  records 
between  successive  overloads  appeared  to  be  minimum  immediately  after 
the  overload.  The  slope  then  gradually  increased  with  increasing  number 
of  loading  cycles  and  returned  to  values  that  would  have  been  existent 
in  the  absence  of  the  overload.  The  application  of  a second  overload 
caused  an  abrupt  decrease  in  the  slope  of  the  test  record  and  a repeat 
of  the  above  described  behavior.  The  effect  of  plastic  deformations  on 
the  slopes  of  the  test  records  are  believed  to  have  been  small  since 
both  plastic  zone  sizes  and  the  rate  of  change  of  plastic  zone  size 
with  increase  in  crack  size  were  small.  Hence,  it  is  reasonable  to 
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assume  that  changes  in  measured  crack  displacement  resulted  primarily 
from  changes  in  crack  dimensions  and  that  crack  growth  rates  were  pro- 
portional to  the  slopes  of  the  test  records.  Accordingly,  it  was 
inferred  from  the  test  records  that  tensile  overloads  resulted  in  an 
abrupt  decrease  in  crack  growth  rates  with  minimum  rates  occurring 
immediately  after  the  overload.  Crack  growth  rates  gradually  increased 
from  the  minimum  value  until  they  returned  to  values  that  would  have 
existed  in  the  absence  of  the  overload. 

The  effects  of  tensile  overloads  on  crack  growth  rate  behavior  observed 
in  this  program  are  different  from  results  reported  in  the  literature 
(28,  29}  which  show  that  crack  growth  rates  after  a tensile  overload 
rapidly  decrease  to  a minimum  value  after  traversing  about  one-quarter 
of  the  crack  tip  plastic  zone  formed  by  the  overload,  and  then  increase 
to  values  slightly  less  than  would  have  been  expected  in  the  absence  of 
the  overloads.  Since  the  previous  results  were  obtained  using  one- 
eighth  inch  thick  specimens  and  visual  crack  length  measurements  at  the 
specimen  surface,  the  possibility  exists  that  surface  effects  could  have 
influenced  the  results.  It  is  also  possible  that  the  reaction  of  sur- 
face flaws  to  tensile  overloads  is  different  from  that  of  thin  through- 
cracked  specimens.  More  work  will  be  required  to  explain  differences 
in  observed  crack  growth  rate  behavior  after  tensile  overloads. 

The  test  records  of  crack  displacement  versus  cycles  were  used  to  deter- 
mine the  increase  in  cyclic  life  or  delay  cycles  (N^ ) , and  the  increment 
of  crack  length  after  each  overload  over  which  the  crack  growth  rate 
behavior  was  influenced  by  the  overload  (aa^}.  This  was  accomplished  as 
illustrated  in  Figure  50  where  test  records  for  uniform  cyclic  load 
Specimen  SUTA-1  and  single  overload  Specimen  S0TA-1  are  plotted.  After 
the  minimum  level  of  crack  displacement  at  which  the  slope  of  the  test 
record  for  the  overloaded  specimen  became  equal  to  that  for  the  uniform 
load  specimens  was  determined,  Nd  and  A6d  were  read  from  the  graph  as 
shown  in  Figure  50.  The  value  of  aad  corresponding  to  A6d  was  determined 
from  graphs  of  a versus  <5  for  each  of  the  flaws.  Some  adjustments  were 

made  to  the  test  records  before  values  of  N . and  Aa  were  determined. 

d p 

Adjustments  were  required  because  of  small  differences  in  initial  crack 
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dimensions  from  specimen  to  specimen  and  because  of  data  scatter.  Data 
scatter  was  accounted  for  by  shifting  the  uniform  load  test  record  up  or 
down  so  that  the  ratio  of  crack  displacement  to  crack  depth  at  the  outset 
of  both  uniform  load  and  overload  tests  was  the  same.  Variations  in  crack 
size  were  accounted  for  by  shifting  the  uniform  load  curve  either  right  or 
left  until  the  test  records  for  both  uniform  load  and  overload  specimens 
intersected  the  ordinate  at  a common  point. 

Values  of  Nd  and  aap  for  aluminum,  steel,  and  titanium  single  overload 
specimens  are  summarized  in  Tables  20  through  25.  There  are  two  tables 
of  data  for  each  alloy,  including  one  for  shallow  flaw  specimens  and  one 
for  deep  flaw  specimens.  Tests  conducted  using  an  overload  ratio  of  2 
yielded  several  thousand  delay  cycles,  whereas  tests  conducted  using  an 
overload  ratio  of  1.5  yielded  considerably  fewer  delay  cycles  (usually 
less  than  1000).  Negative  loads  had  no  detectable  effect  on  subsequent 
crack  growth  rate  behavior. 

Only  one  test  was  conducted  using  tension/compression  overload  cycles. 
Titanium  deep  flaw  specimen  SOTT-6  was  tested  using  overload  cycles 
having  peak  tensile  and  compressive  stresses  equal  to  +2.0  and  -0.2  times 
the  subsequent  peak  cyclic  stress  of  27  ksi,  respectively.  The  compres- 
sive stress  was  applied  after  the  tensile  stress.  Specimen  SOTT-4  was 
tested  in  an  identical  manner  except  that  the  compressive  stress  was 
eliminated  from  the  overload  cycle.  A comparison  of  values  for  the 
two  specimens  included  in  Table  25  shows  that  the  compressive  stresses 
applied  to  Specimen  SOTT-6  reduced  the  number  of  delay  cycles  by  about 
50  percent. 

Values  of  a a listed  in  Tables  20  through  25  are  generally  greater  than 

p 2 

calculated  plastic  zone  sizes  due  to  the  overloads  pQ  * 1/3  n (K0/°yS)  • 
The  average  value  of  the  ratios  of  Aap/pQ  varied  between  alloys  and 
between  shallow  and  deep  flaw  tests  for  a given  alloy.  For  example,  the 
average  values  of  Aap/pQ  the  aluminum,  steel  and  titanium  alloy 
shallow  flaw  tests  were  1.3,  2.4  and  1.9,  respectively.  For  the  deep 
flaw  tests,  average  Aap/pQ  values  were  2.6,  4.0  and  1.3  for  the  aluminum, 
steel,  and  titanium  alloys,  respectively. 
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The  effects  of  single  overloads  on  subsequent  crack  growth  rate  behavior 
observed  in  this  program  are  in  qualitative  agreement  with  overload 
effects  predicted  using  methods  suggested  by  Wheeler  (30)  and  Willenborg 
(31).  The  Willenborg  method  presently  predicts  total  retardation  of 
crack  growth  after  overloads  equal  to  or  greater  than  twice  the  subse- 
quent peak  cyclic  stress  level.  In  this  program,  overloads  to  twice  the 
subsequent  cyclic  stress  did  not  totally  retard  crack  growth  and  so  the 
Willenborg  model  was  not  used  in  evaluating  test  results. 

In  light  of  the  prior  experimental  observations,  Wheeler  suggested  that 
crack  growth  rates  after  an  overload  could  be  approximated  using  the 
equation 

r rn 

= (3^u  (apy-  a > 1 a + ry<ap  (10) 

where:  (da/dN)r  is  retarded  crack  growth  rate  after  an  overload; 

( da/dN ) u is  the  corresponding  uniform  load  crack  growth  rate; 

Up  -a)  is  distance  from  crack  tip  to  elastic-plastic  inter- 
face formed  by  the  overload; 

ry  is  the  size  of  the  plastic  zone  formed  by  a loading 

cycle  applied  after  the  overload; 

m is  an  exponent. 


Past  use  of  Equation  10  led  to  the  observation  that  the  exponent  m is 
not  constant  but  has  to  be  varied  to  fit  different  sets  of  experimentally 
determined  crack  propagation  data.  Approximate  values  of  were  calcu- 
lated using  Equation  10  with  (ap  -a)  equal  to  1/3  n (KQ/ays)2  where  Kq 
is  the  peak  stress  intensity  factor  during  the  overload  cycle,  and  r^ 
equal  to  1/3  n ( Km/ays ) 2 where  is  the  peak  cyclic  stress  intensity 
factor.  Calculations  were  made  for  various  values  of  the  exponent  m. 

Two  approximations  were  made  to  simplify  the  calculations:  1)  the  value 

of  crack  tip  stress  intensity  factor  was  assumed  to  be  constant  as  the 
crack  tip  traversed  the  plastic  zone  formed  by  the  overload;  2)  the 
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integration  was  performed  block  by  block  of  cycles  rather  than  cycle  by 
cycle. 

Results  of  the  calculations  are  compared  to  actual  test  data  in  Figures 
52  through  54  where  the  values  of  delay  cycles  are  plotted  as  a function 
of  peak  cyclic  stress  intensity  factors  for  the  aluminum,  steel,  and 
titanium  alloys,  respectively.  Each  figure  contains  data  for  one  alloy 
and  two  overload  ratios.  For  the  overload  ratio  of  2,  data  points  for 
the  aluminum  alloy  fell  between  curves  corresponding  to  m = 1.0  and  1.5, 
whereas  data  points  for  the  steel  and  titanium  alloys  fell  between  curves 
corressponding  to  m = 1.5  and  2.0.  For  the  overload  ratio  of  1.5,  most 
data  points  fall  between  curves  corresponding  to  m = 1 and  m = 2, 
although  a few  data  points  fall  well  outside  of  this  range.  The  scatter 
factor  was  about  two  for  the  data  obtained  using  the  higher  overload 
ratio.  This  amount  of  scatter  is  normal  for  crack  propagation  tests. 

For  the  overload  ratio  of  1.5,  the  values  of  delay  cycles  were  smaller 
than  for  the  overload  ratio  of  2,  and  were  more  sensitive  to  variations 
in  crack  growth  rate  behavior.  Hence,  the  scatter  factor  increased  with 
decrease  in  overload  ratio. 

In  summary,  single  tensile  overloads  can  have  a strong  influence  on 
fatigue  crack  propagation  behavior  by  inducing  large  amounts  of  crack 
growth  during  the  overload  and  by  retarding  crack  growth  rates  after  the 
overload.  Present  methods  of  estimating  crack  growth  due  to  single  ten- 
sile overloads  (K  - rate  correlations  and  crack  closure  theory)  greatly 
underestimate  such  growth.  Retardation  effects  were  in  qualitative 
agreement  with  crack  growth  rate  models  that  predict  minimum  crack  growth 
rate  immediately  after  the  overload  followed  by  monotonically  increasing 
crack  growth  rates.  The  Wheeler  method  (30)  of  computing  crack  growth 
rates  after  overloads  was  found  to  be  in  reasonable  agreement  with  the 
test  data  as  long  as  an  appropriate  value  of  the  exponent  m in  the 
crack  growth  rate  equation  is  used.  The  value  of  m was  found  to  be 
influenced  by  alloy. 
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Periodic  Overload  Effects 

The  effects  of  periodic  overloads  on  crack  growth  behavior  are  illustrated 
on  graphs  of  crack  depth  versus  loading  cycles  in  Figures  55  through  66. 
Each  figure  contains  two  or  three  graphs  including  one  for  each  of  the 
flaws  in  a given  specimen.  Each  graph  contains  data  obtained  from  sev- 
eral specimens  including  the  baseline  specimen  tested  under  a uniform 
stress  loading  profile,  and  comparable  specimens  tested  under  periodic 
overload  programs  having  a single  overload  ratio.  With  few  exceptions, 
cyclic  life  increased  with  increase  in  either  overload  frequency  or  over- 
load ratio.  One  exception  is  shown  in  Figure  59  where  a decrease  in 
overload  period  from  11,000  to  7,500  cycles  resulted  in  a decrease  in 
cyclic  life  for  9Ni-4Co-0.2C  steel  alloy  specimens.  For  reasons  that 
could  not  be  determined,  overloads  in  the  less  frequently  overloaded 
specimen  appeared  to  result  in  greater  crack  growth  retardation  than  did 
the  overloads  in  the  more  frequently  overloaded  specimen.  No  experimental 
error  could  be  detected  nor  was  the  additional  crack  growth  caused  by  the 
more  frequent  overloads  sufficient  to  explain  the  difference  in  crack 
propagation  life. 

The  effects  of  periodic  overloads  were  evaluated  by  fitting  the  Wheeler 
model  (Equation  10}  to  the  crack  growth  data  between  each  successive 
overload.  The  values  of  the  exponent  m required  to  force  agreement 
between  the  model  and  experimental  results  were  calculated  for  each  over- 
load. The  value  of  m is  a measure  of  the  retarding  effect  of  overloads 
on  subsequent  crack  growth  rates,  and  the  higher  the  value  of  m the 
greater  the  retardation.  Values  of  m were  plotted  against  crack  depth- 
to-thickness  ratio  in  Figures  67  through  71  for  both  shallow  and  deep 
flaw  specimens  and  for  each  of  the  three  test  alloys.  For  the  aluminum 
and  titanium  alloys,  the  exponent  m increased  rapidly  with  increase  in 
a/t  {and  number  of  overloads).  For  the  steel  alloy  shallow  flaw  speci- 
mens, the  exponent  m decreased  in  value  before  it  started  to  increase 
as  the  flaw  tip  approached  the  back  specimen  face.  For  all  tests  except 
those  for  steel  alloy  shallow  flaws,  the  overloads  appeared  to  have  a 
cumulative  effect  on  crack  growth  behavior.  Such  cumulative  effects 
could  be  due  in  part  to  crack  closure  effects.  Residual  deformations 
resulting  from  an  overload  could  affect  crack  growth  behavior  after 
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subsequent  overloads  by  increasing  crack  closure  loads.  Increases  in 
crack  closure  loads  could  reduce  effective  stress  intensity  factors  and 
lower  crack  growth  rates  relative  to  those  that  would  have  existed  in  the 
absence  of  the  overload.  For  the  steel  alloy  shallow  flaws,  reasons 
for  the  initial  trend  of  decreasing  in  with  increasing  a/t  are  not  known 
at  this  time. 

It  was  observed  that  as  the  crack  tips  closely  approached  the  back 
specimen  faces,  the  rate  of  increase  of  m with  increase  in  a/t  under- 
went a marked  increase.  When  overloads  were  applied  to  deep  surface 
cracks,  the  additional  plastic  deformations  allowed  by  the  presence  of 
the  stress  free  back  surface  could  have  resulted  in  increased  crack  clo- 
sure loads,  crack  tip  blunting,  or  residual  compressive  stresses,  all  of 
which  could  have  enhanced  the  effect  of  the  overload  on  subsequent 
retardation  of  crack  growth  rates.  The  effects  of  crack  depth -to- 
thickness  ratio  on  crack  growth  retardation  due  to  overloads  led  to  sit- 
uations where  cyclic  life  was  inversely  proportional  to  initial  crack 
depth  as  illustrated  in  the  upper  part  of  Figure  72. 

An  unplanned  change  in  overload  frequency  during  the  testing  of  Specimen 
SPOTA-1  yielded  an  interesting  result.  The  first  five  36  ksi  overloads 
were  separated  by  9000-18  ksi  loading  cycles.  The  fifth  and  sixth  over- 
loads were  separated  by  only  4500-18  ksi  loading  cycles.  The  overload 
frequency  was  then  increased  to  9000  cycles  for  the  remainder  of  the 
test.  Values  of  the  exponent  m required  to  make  the  Wheeler  equation 
(Equation  10)  fit  the  data  between  each  overload  were  calculated.  The 
value  of  m for  the  4500  cycle  intervals  were  2.0  or  greater  whereas 
the  maximum  m value  for  the  adjacent  9000  cycle  intervals  was  1.6. 

This  result  indicates  that  the  Wheeler  method  may  underpredict  initial 
retardation  and  overpredict  later  retardation  of  crack  growth  rate  in 
arriving  at  the  total  number  of  delay  cycles  due  to  the  overload. 

Gray  (32)  recently  proposed  an  expression  for  calculating  the  Wheeler 
exponent  m as  follows: 
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\ log  (aK^/aK) 
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where  aK^  = threshold  stress  intensity  range 


aK  = applied  stress  intensity  range 


n 


exponent  where  da/dN  - C(AK)n 


S 


value  of  ^0/Kmax  resulting  in  subsequent  crack 
growth  arrest 


Equation  11  yields  m values  that  depend  both  on  material  and  the  value 
of  AK  subsequent  to  the  overload. 

Equation  11  was  used  to  determine  the  range  of  m values  that  would  be 
calculated  for  each  block  of  uniform  stress  cycles  between  overloads 
applied  in  the  periodic  overload  tests.  Values  of  AKth  = 4,  8 and  9 ksi 
/uT  and  S = 2.3,  2.3  and  2.8  were  used  in  the  calculations  for  the  alum- 
inum, steel,  and  titanium  alloys,  respectively. 


The  agreement  between  calculated  and  fitted  values  is  quite  good  with 
the  calculated  values  tending  to  be  moderately  higher  than  the  fitted 
values.  The  best  agreement  was  obtained  for  the  titanium  alloy  and  the 
worst  for  the  aluminum  alloy  for  which  the  calculated  values  were  con- 
sistently higher  than  those  obtained  by  data  fitting. 


Values  of  Wheel er  Exponent 


Alloy 

A1-2219-T851 
Fe-9Ni-4Co-0.2C 
T1-6A1-4V  eA 


Cal culated  (Eqn  1 1 ) 
1.4  - 3.0 
1.3  - 2.7 
2.0  - 2.6 


From  Data  Fitting 
0.7  - 2.4 
0.8  - 2.5 
1.7  - 2.5 
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3.3.2  Combined  Bending  and  Tension  Tests 

Three  specimens  of  each  alloy  were  tested  under  combined  bending  and 
tension  stresses  as  summarized  in  Table  26.  Overloads  for  the  aluminum 
alloy  specimens  were  applied  using  axial  loads  only.  Overloads  for  the 
steel  and  titanium  alloy  specimens  were  applied  using  both  axial  and 
lateral  loads  equal  to  the  capacity  of  the  test  machine. 

All  overloads  resulted  in  bands  of  apparent  crack  growth  on  the  fracture 
surfaces  of  the  specimens.  The  appearance  of  the  bands  was  identical  to 
similar  bands  observed  in  the  uniform  tension  tests.  The  widths  of  most 
of  the  bands  fell  within  the  scatter  zones  of  crack  growth  rates  for  the 
axially  loaded  specimens  shown  in  Figures  44  through  46,  a few  bands  on 

_3 

the  steel  alloy  specimens  were  less  than  10  inches  wide  and  were 
smaller  than  comparable  band  widths  in  the  axially  loaded  specimens. 

There  did  not  appear  to  be  any  significant  differences  in  crack  growth 
behavior  during  overloads  between  axially  loaded  specimens  and  combined 
axial  and  laterally  loaded  specimens. 

Results  of  the  aluminum  alloy  tests  are  plotted  on  graphs  of  crack  depth 
versus  cycles  in  Figure  73.  The  effect  of  the  periodic  overloads  on 
crack  growth  behavior  was  dependent  on  the  peak  stress  levels  applied 
during  the  overloads.  Where  the  peak  tensile  overload  stress  was  27  ksi , 
the  stress  intensity  factors  at  the  crack  periphery  were  smaller  during 
the  overload  than  during  the  subsequent  uniform  stress  cycling  and  cyclic 
life  was  shorter  for  the  overloaded  specimen  than  for  the  comparable 
uniformly  loaded  specimen.  When  the  peak  tensile  overload  stress  was 
36  ksi,  the  peak  overload  stress  intensity  factor  at  maximum  crack  depth 
ranged  from  1.25  to  1.50  times  the  subsequent  peak  cyclic  stress  intensity 
factor  as  the  crack  grew  from  its  initial  to  final  depth.  The  same  ratios 
ranged  from  1.06  to  1.40  at  the  end  of  the  semi-major  axes  of  the  flaw. 

The  crack  growth  behavior  of  Specimen  S0BA-1  {which  was  overloaded  only 
at  the  outset  of  the  test  and  after  3700  loading  cycles)  was  nearly 
identical  to  that  for  the  uniformly  loaded  specimen  except  for  the  crack 
growth  that  occurred  during  the  overload.  Crack  propagation  life  was 
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increased  in  Specimen  SPOBA-1  by  the  application  of  36  ksi  overloads 
every  1650  cycles.  However,  the  increase  was  small  and  the  damage  done 
by  the  overloads  appeared  to  nearly  offset  the  beneficial  effect  of  the 
subsequent  retardation  of  crack  growth  rates. 

Results  of  the  steel  alloy  tests  are  plotted  on  graphs  of  crack  depth 
versus  loading  cycles  in  Figure  74.  The  ratios  of  peak  overload  stress 
intensity  factor  at  maximum  crack  depth  ranged  from  about  1.3  to  1.45 
times  the  peak  cyclic  stress  intensity  factors  applied  immediately  after 
the  overloads  as  the  crack  grew  from  their  initial  to  final  depths.  The 
effects  of  the  overloads  on  crack  depth  growth  rate  behavior  were  fairly 
small  and  appeared  to  be  maximum  for  deep  cracks. 

Results  of  the  titanium  alloy  tests  are  plotted  on  graphs  of  crack  depth 
versus  loading  cycles  in  Figure  75.  The  ratios  of  peak  overload  stress 
intensity  factor  at  maximum  crack  depth  ranged  from  about  1.3  to  1.4 
times  the  peak  cyclic  stress  intensity  factors  applied  immediately  after 
the  overloads  as  the  cracks  grew  from  their  initial  to  final  depths.  For 
crack  depths  near  the  initial  values,  the  overloads  had  only  a small 
effect  on  overall  average  crack  growth  rate.  For  intermediate  crack 
depths,  average  crack  growth  rates  in  the  overloaded  specimens  appeared 
to  be  consistently  larger  than  in  the  uniformly  loaded  specimens.  For 
deep  cracks,  the  application  of  frequent  overloads  resulted  in  a marked 
decrease  in  crack  growth  rates  as  previously  noted  for  the  steel 
specimens. 

The  foregoing  combined  bending  and  tension  tests  did  not  yield  sufficient 
information  to  determine  whether  stress  state  had  any  effect  on  the 
influence  of  periodic  overloads  on  crack  growth  rate  behavior.  The  over- 
load ratios  were  not  sufficiently  large  to  yield  changes  in  crack  propaga- 
tion life  that  were  larger  than  possible  changes  due  to  data  scatter.  It 
did  appear  that  when  overload  ratios  were  less  than  1.4,  the  effect  of 
periodic  overloads  on  crack  propagation  behavior  was  small,  except  for 
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the  case  of  very  deep  surface  flaws  when  overloads  resulted  in  a slowing 
down  of  crack  propagation  rates. 

3.4  Spectrum  Load  Tests 

Spectrum  load  tests  were  conducted  by  growing  surface  flaws  under  uni- 
form tension  loadings  representative  of  either  bomber  or  flight  opera- 
tions. Test  procedures  are  described  in  Section  2.2.2  and  experimental 
approach  is  outlined  in  Section  2,2.3.  Raw  test  data  are  tabulated  in 
Tables  81  through  92  in  Volume  2 of  this  report.  Results  are  illustrated 
on  graphs  of  crack  depth  versus  number  of  spectra  in  Figures  76  through 
81  of  this  report.  Two  figures  are  presented  for  each  of  the  three 
alloys  including  one  figure  for  the  bomber  spectrum  and  one  for  the 
fighter  spectrum.  Two  graphs  are  shown  in  each  figure  including  one 
graph  for  a shallow  flaw  specimen  and  one  for  a deep  flaw  specimen. 

Each  graph  contains  one  curve  for  each  of  the  flaws  located  within  a 
given  specimen. 

The  data  were  analyzed  to  determine  if  reasonable  surface  crack  propaga- 
tion life  estimates  for  spectrum  loadings  could  be  based  on  crack  propa- 
gation calculation  methods  containing  simple  models  to  account  for  crack 

growth  retardation  effects  due  to  overloads.  Initial  calculations  were 

conducted  using  linear  cumulative  damage  assumptions  and  procedures 
described  in  Section  3.2.3.  Each  monotonic  load  increase  between  suc- 
cessive load  reversals  was  counted  as  a load  cycle.  For  analyses  pur- 
poses, infrequently  applied  loads  were  assumed  to  be  applied  fractionally 
during  each  load  spectrum,  e.g.,  one-in-ten  spectrum  loads  were  applied 
as  0.10  cycle  increments  during  each  spectrum.  Actual  and  calculated 
lives  for  each  flaw  are  summarized  in  Table  27.  Ratios  of  actual  to 
calculated  crack  propagation  life  were  plotted  against  initial  crack 
depth  to  specimen  thickness  ratios,  (a/t)^.  Envelopes  encompassing  data 
points  for  a given  alloy  and  spectrum  are  shown  in  Figure  82.  For  the 

bomber  spectrum,  agreement  between  actual  and  calculated  lives  was  good 

for  all  tests.  Life  ratios  for  all  three  alloys  were  insensitive  to 
initial  crack  depth-to-thickness  ratio.  The  envelope  for  the  steel 
alloy  tends  to  fall  above  those  for  the  aluminum  and  titanium  alloys. 
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However,  the  differences  are  not  sufficiently  large  to  be  considered 
significant.  For  the  fighter  spectrum,  agreement  between  actual  and 
calculated  lives  was  poor  for  most  flaws.  Furthermore,  life  ratios 
tended  to  decrease  with  increasing  (a/t)^  for  the  aluminum  alloy  and 
increased  with  increasing  (a/t),.  for  the  steel  and  titanium  alloys.  It 
was  previously  noted  in  Section  3, 3. 1.2  that  the  crack  growth  retarding 
effects  of  periodic  overloads  increased  with  increasing  (a/t) . The  same 
effect  is  apparent  in  the  steel/fighter  and  titanium/fighter  spectrum 
load  data  but  not  in  the  aluminum/fighter  spectrum  load  data. 

If  existing  overload  models  had  been  used  to  acount  for  crack  growth 
retardation  effects  in  the  bomber  and  fighter  spectrum  life  calculations, 
all  ratios  of  actual  to  calculated  life  would  have  decreased.  Hence, 
agreement  between  actual  and  calculated  lives  would  have  improved  for  the 
steel/fighter,  titanium/ fighter,  and  possibly  the  aluminum/fighter  and 
steel /bomber  flaws.  On  the  other  hand,  agreement  would  have  degraded  for 
the  aluminum/bomber  and  titanium/bomber  flaws.  Furthermore,  overload 
model  calculations  would  not  have  changed  the  dependence  of  life  ratio  on 
initial  crack  depth-to-thickness  ratio.  Accordingly,  it  was  concluded 
that  commonly  used  overload  models  (30,  31)  are  not  sufficiently  sophis- 
ticated to  provide  accurate  predictions  of  crack  propagation  life  for 
spectrum  loaded  surface  flaws. 

There  are  many  possible  reasons  for  the  failure  of  calculation  procedures 
containing  simple  overload  models  to  consistently  predict  crack  growth 
behavior  with  an  acceptable  level  of  accuracy.  Even  in  the  absence  of 
overloads,  crack  growth  rate  equations  may  not  accurately  represent 
crack  growth  behavior  over  the  whole  range  of  aK  and  R values  encount- 
ered in  loading  spectra.  Baseline  crack  growth  rates  are  usually  avail- 
able for  moderate  to  high  aK  values  at  R ratios  less  than  0.5. 

Spectrum  loadings  often  generate  very  low  aK  values  at  R ratios  greater 
than  0.5.  It  is  usually  assumed  that  the  equation  used  to  fit  the  base- 
line data  is  valid  for  aK  and  R values  outside  of  the  test  range  and 
such  assumptions  could  result  in  errors  in  crack  propagation  estimates. 

In  the  present  program,  for  example,  baseline  crack  growth  rates  for  the 
aluminum  alloy  were  generated  for  0.1  < R < 0.5  and  12  < K < 25  ksi  /Trf. 
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The  bomber  spectrum  generated  aK  values  as  low  as  1.2  ksi  /Tn  and  stress 
ratios  as  high  as  0.94.  It  was  assumed  that  Equation  8 could  be  used  to 
extrapolate  the  baseline  data  to  the  wider  range  of  aK  and  R values 
generated  by  the  bomber  spectrum.  However,  this  approach  may  have 
resulted  in  unknown  systematic  errors  in  linear  cumulative  damage  life 
predictions.  In  addition  to  unknowns  in  baseline  crack  propagation 
behavior,  there  are  still  many  unknowns  in  crack  propagation  under 
spectrum  loads.  For  example,  the  effects  of  frequent  changes  in  mean 
load  usually  encountered  in  spectrum  loads  is  not  understood.  In  this 
program,  it  was  found  that  changes  in  mean  load  during  overloads  resulted 
in  increases  in  crack  size  that  were  orders  of  magnitude  greater  than 
predictions  based  on  baseline  crack  growth  rate  data.  No  method  is  cur- 
rently available  to  account  for  this  effect.  Frequent  load  changes  also 
lead  to  small  numbers  of  loading  cycles  in  a given  load  layer  of  a spect- 
rum load.  Hence,  crack  growth  retardation  effects  during  the  first  few 
cycles  after  an  overload  are  of  considerable  importance  to  the  under- 
standing of  crack  growth  behavior  under  spectrum  loads.  Test  results 
from  this  program  indicated  that  maximum  crack  growth  rate  retardation 
occurred  immediately  after  the  overload.  Other  investigators  (28,  29} 
have  reported  that  maximum  retardation  does  not  occur  immediately  after 
the  overload.  Hence,  a better  understanding  of  cycle  by  cycle  crack 
growth  rate  behavior  after  changes  on  mean  load  would  be  useful.  Other 
factors  such  as  negative  loads  have  measurable  (33)  but  poorly  under- 
stood, influences  on  crack  growth  rate  behavior.  In  summary,  there  are 
many  factors  that  affect  crack  propagation  behavior  under  spectrum  loads 
and  it  appears  that  the  retardation  effect  due  to  overloads  does  not 
completely  dominate  spectrum  load  crack  growth  behavior. 

Flaw  Interaction  Effects 

It  initially  appeared  that  the  middle  flaw  of  the  three  flaws  in  each 
aluminum  alloy  deep  flaw  specimen  was  influenced  by  flaw  interaction 
effects.  This  is  illustrated  in  Figure  83  where  the  crack  depth 
versus  spectra  curves  for  the  middle  flaws  (Flaw  #2)  indicate  a decrease 
in  crack  growth  rate  with  increasing  crack  depth  near  the  end  of  each 
test.  This  behavior  may  have  resulted  in  part  from  load  alleviating 
effects  of  the  two  outer  flaws  on  the  central  flaw  as  the  outer  flaws 
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become  large  in  size  (this  matter  was  previously  discussed  in  Section 
3.2.3).  Test  results  are  compared  to  calculated  results  obtained  from 
modified  linear  cumulative  damage  calculations  in  Figure  83.  The  cal- 
culated results  were  obtained  by  modifying  the  baseline  crack  growth 
rate  data  to  force  good  agreement  between  experimental  and  calculated 
results  for  Flaw  #3.  The  calculations  show  that  crack  depth  versus 
spectra  curves  for  Flaws  No.  2 and  No.  3 in  Specimen  SSTA-3  could  be 
expected  to  intersect  as  they  did  in  the  experiment.  It  also  appears 
that  flaw  interaction  effects  were  small  since  experimental  and  calcu- 
lated crack  propagation  behaviors  for  the  middle  flaw  were  in  good 
agreement  over  most  of  the  range  of  flaw  depths  that  were  tested.  It 
was  concluded  that  flaw  interaction  effects  influenced  the  crack  propa- 
gation data  only  to  a limited  extent. 
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4.0  STRESS  INTENSITY  FACTORS  FOR  FLAWS  AT  FASTENER  HOLES 


Results  of  analytical  work  directed  to  the  derivation  of  stress  intensity 
factors  for  cracked  fastener  holes  are  described,  discussed,  and  summar- 
ized in  this  section.  The  initial  summary  contains  a listing  of  the 
resulting  approximate  stress  intensity  factor  equations  and  the  figures 
containing  values  of  parameters  and  factors  required  for  quantitative 
calculations.  The  subsequent  material  describes  the  approaches,  assump- 
tions and  approximations  used  to  derive  each  of  the  stress  intensity 
factor  equations. 

4.1  Summary 

Approximate  stress  intensity  factors  were  derived  for  both  thru  cracks 
and  part-thru  cracks  originating  at  loaded  and  unloaded  close  tolerance 
and  interference  fit  fasteners. 

Ten  different  cases  involving  thru  cracks  were  solved  as  summarized 
in  Table  28.  New  solutions  were  obtained  for  cracked  holes  containing 
loaded  close  tolerance  fasteners  (Cases  lb,  lc,  2b,  2c),  unloaded  inter- 
ference fit  fasteners  in  load-free  plates  (Cases  Id,  2d),  and  unloaded 
interference  fit  fasteners  in  plates  subjected  to  remotely  applied  uniform 
tension  stresses  (Cases  le  and  2e).  No  general  formula  can  be  given  for 
stress  intensity  factors  at  cracked  interference  fit  fastener  holes 
because  of  the  non-linear  nature  of  the  problem  and  the  large  number  of 
variables  involved.  It  was  concluded  that  stress  intensity  factors  for 
cracked  holes  filled  with  unloaded  close  tolerance  fasteners  (Cases  la 
and  2a)  could  be  considered  equal  to  stress  intensity  factors  for  open 
holes  having  the  same  geometry  and  loading  conditions  for  L/r  > 0.1. 

Eight  different  cases  involving  part-thru  cracks  were  solved  as  sum- 
marized in  Table  29.  Solutions  were  obtained  for  cracked  open  holes 
(Cases  3a  and  4a),  and  holes  containing  unloaded  or  loaded  close  toler- 
ance fasteners  in  plates  subjected  to  uniform  tension  (Cases  3b-d  and 
4b -d) . 
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4.2  Approach,  Assumptions  and  Approximations 

Stress  analysis  of  a fastener  joint  in  a plate,  even  in  the  absence  of 
a flaw,  is  a complex  nonlinear  problem  involving  variable  contact 
between  the  fastener  and  the  plate.  For  loaded  neat  fit  fasteners  in  a 
plate  subjected  to  applied  remote  loading,  the  area  of  contact  between 
the  fastener  and  the  plate  varies  with  load  and  hence,  the  stress  dis- 
tribution also  changes  with  load.  For  interference  fit  fasteners, 
plastic  yielding  generally  occurs  near  the  hole  and  further  complicates 
the  problem  of  determining  the  stress  distribution  near  the  fastener. 

When  a flaw  originates  from  the  fastener  hole,  the  analysis  is  further 
complicated  since  the  crack  reduces  the  rigidity  of  the  structure  sur- 
rounding the  hole  and  changes  the  contact  condition.  At  this  time,  it 
is  not  possible  to  obtain  exact  or  numerical  solutions  for  the  stress 
intensity  factors  of  three-dimensional  crack  problems  such  as  part- 
thru  cracks  originating  at  an  unfilled  or  a filled  hole.  Stress 
intensity  factors  for  such  problems  have  to  he  obtained  using  simpli- 
fying assumptions,  approximations,  and  judicious  estimates.  In  this 
study,  assumptions  and  approximations  were  verified,  wherever  possible, 
with  known  two-dimensional  and  three-dimensional  crack  problems  prior 
to  using  them  to  obtain  stress  intensity  factors  for  the  part-thru 
cracks  at  a hole. 

4.2.1  Cracks  Originating  at  Open  Holes 

4. 2. 1.1  Uni  form  Thru  Cracks 

It  was  reasoned  that  stress  intensity  factors  for  two  symmetrical  thru 
cracks  of  length  L originating  from  an  open  hole  in  a plate  (Figure 
84b)  could  be  obtained  by  solving  an  equivalent  problem  consisting  of  a 
pressurized  center  crack  of  length  2L  in  a plate  (Figure  84c).  Each  half 
of  the  symmetrical  pressure  distribution  is  identical  to  the  stress  dis- 
tribution along  the  x axis  adjacent  to  an  open  hole  in  a plate  subjected 
to  uniform  tension  (Figure  84a).  This  belief  was  based  on  the  following 
reasoning.  It  is  known  that  for  infinitely  wide  plates,  stress  intensity 
factors  for  a single  edge  crack  length  L are  approximately  10  percent 
higher  than  those  for  a center  crack  of  length  2L.  This  is  due  to  the 
introduction  of  the  stress  free  surface  in  the  edge-cracked  plate.  In 
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the  problem  at  hand,  the  hole  periphery  is  a stress  free  surface,  but 
its  effect  should  be  offset  by  the  curvature  of  the  hole  periphery. 
Hence,  symmetrical  cracks  originating  at  holes  should  be  equivalent  to 
central  through  cracks  rather  than  edge  cracks. 

Stress  intensity  factors  for  thru  cracks  pressurized  by  azl  (X,o)  are 
given  by  the  following  equations  (35). 


where  the  stresses  a2Z(X,o)  are  given  in  Figure  84c.  Stress  intensity 
factor,  K,  can  be  represented  in  nondimensional  form,  F { L/r ) , as  follows: 


Results  of  the  foregoing  approximate  solution  for  cracked  open  holes  are 
compared  to  results  of  Bowie's  numerical  solution  (36)  in  Figure  85. 

The  dotted  curve  represents  results  of  the  approximate  solution  and  the 
solid  curve  represents  results  from  Bowie's  solution.  The  discrepancy 
between  the  two  solutions  is  less  than  7 percent  for  0,05  <_  L/r  <_*. 
Hence,  it  was  concluded  that  the  foregoing  approximate  technique  could 
be  used  to  obtain  stress  intensity  factors  for  all  thru-cracked  fastener 
hole  geometries  investigated  in  this  program.  The  approximate  technique 
consisted  of  two  steps  including:  1)  determining  the  stress  distribution 

adjacent  to  the  fastener  hole  in  question;  and  2),  solving  the  equivalent 
problem  of  a pressurized  central  thru  crack  in  a plate. 

Stress  intensity  factors  for  fastener  holes  cracked  on  only  one  side  were 
obtained  by  multiplying  the  solution  for  symmetrically  cracked  holes  by 
the  factor  shown  in  the  following  equation: 
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dx 
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This  approach  resulted  from  the  knowledge  that,  when  crack  length  is  very 
large  with  respect  to  hole  diameter,  the  effect  of  the  hole  on  stress 
intensity  factor  is  negligible  and  stress  intensity  factors  can  be  cal- 
culated using  equations  for  central  thru  cracks  of  length  2r+2L  (two 
cracks)  and  2r+L  (one  crack).  Since  stress  intensity  factors  (K)  vary 
with  the  square  root  of  crack  length,  the  relationship  between  K for  two 
symmetrical  long  cracks  at  a hole  and  one  long  crack  at  a hole  is  given 
by  Equation  13.  As  an  approximation.  Equation  13  was  used  for  all  L/r 
values  (short  and  long  cracks)  to  compute  stress  intensity  factors  for 
open  holes  with  cracks  originating  from  one  side  only  with  results  shown 
in  Figure  86.  The  results  were  compared  to  those  from  Bowie's  numerical 
solution  for  the  same  problem  and  the  two  solutions  agree  within  2 per- 
cent for  0.05  ^L/r  £ ».  in  view  of  the  good  agreement  between  the 
two  solutions,  Equation  13  was  used  to  calculate  stress  intensity  factors 
for  all  single  thru  crack  fastener  hole  problems  investigated  in  this 
program. 

4. 2. 1.2  Semi -Elliptical  Part-Thru  Cracks 

It  was  desired  to  use  the  thru  crack  approximate  technique  to  compute 
stress  intensity  factors  for  two  semi -elliptical  cracks  originating  at 
a hole  in  a thick  plate  (Figure  87).  This  technique  required  solutions 
for  stress  intensity  factors  generated  by  embedded  elliptical  cracks 
subjected  to  non-uniform  internal  pressure  distributions.  Available 
solutions  for  pressurized  elliptical  cracks  in  infinite  solids  are 
limited  to  pressure  distributions  (p)  in  the  form  of  a polynominal  of  x 
and  y defined  as  follows  (37). 

3 3 

p(x,y)  = Z Z A..  xV  ( i + j )<3  (14) 

i=o  j=o  J 

It  is  not  possible  to  exactly  fit  pressure  distributions  adjacent  to 
fastener  holes  using  Equation  14.  This  is  illustrated  in  Figure  88  where 
the  prescribed  stress  distribution  is  the  actual  stress  distribution 
adjacent  to  a hole  in  a plate  and  the  fitted  stress  distribution  was 
obtained  by  least  square  fitting  the  expression  Aoo+^20X  t0  t*ie  pre" 
scribed  stresses.  There  are  considerable  differences  between  the  two 
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stress  distributions.  For  thru  cracks,  however,  it  was  believed  that 


as  long  as  the  area  under  the  fitted  stress  curve  (A^)  was  approximately 
the  same  as  the  area  under  the  prescribed  stress  curve  (Ap),  the  stress 
intensity  factors  calculated  using  the  two  different  stress  distributions 
would  not  differ  greatly.  This  assumption  was  examined  using  the  problem 
of  two  symmetrical  thru  cracks  originating  at  an  open  hole.  The  actual 
stresses  were  least  square  fitted  by  the  equation  Aqq+A^qX  for  various 
ratios  of  crack  length  to  radius  of  hole,  L/r.  The  error  between  the 
fitted  stress  and  the  prescribed  stress  was  defined  as  follows: 


Percent  error  = 


Prescribed  stress  - fitted  stress 
Prescribed  stress 


The  error  between  the  prescribed  and  fitted  stresses  increased  as  L/r 
increased.  For  L/r  =0.2,  the  error  was  smaller  than  +7  percent;  for 
L/r  = 6.0,  the  range  of  error  was  +49.3  to  -34.2  percent  of  depending 
upon  the  value  of  X.  However,  the  areas  under  the  curves  of  the  fitted 
stress  and  prescribed  stress  (Af  and  Ap)  compared  remarkably  well  for 
all  L/r  ratios  and  values  of  A^/Ap  ranged  from  1.01  to  1.09  as  L/r 
ranged  from  0.1  to  6.0.  The  stress  intensity  factors  calculated  using 
fitted  stresses  are  plotted  as  open  circles  in  Figure  85  and  agreed 
within  one  percent  with  the  previously  calculated  stress  intensity 
factors.  The  stress  intensity  factors  calculated  from  the  fitted  stress 
agreed  within  8 percent  with  Bowie's  solution  over  the  range  of  L/r  from 
0.05  to  6.0.  In  view  of  the  good  agreement,  fitted  stresses  were  used 
in  an  initial  attempt  to  solve  the  part-thru  crack  problem  illustrated 
in  Figure  87. 

Initial  estimates  of  stress  intensity  factors  for  two  semi-elliptical 

cracks  originating  at  a hole  in  a thick  plate  were  made  by  solving  the 

equivalent  problem  of  a pressurized  fully  embedded  elliptical  crack 

using  methods  described  in  Reference  34.  Pressure  distribution  was 

obtained  by  least  square  fitting  the  actual  stress  distribution  adjacent 

2 

to  the  hole  using  the  expression  Aqq  + A2qX  . The  resultant  stress 
intensity  factors  (K ) were  normalized  with  respect  to  the  stress 
intensity  factor  Kje  for  an  elliptical  crack  having  the  same  crack 
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depth-to-length  ratio  in  an  infinite  solid  subjected  to  the  applied 
tension,  a.  The  non-dimensional i zed  factor  Fg(a/c,  c/r,  0)  is  defined 
as  follows: 


Fc(a/c,  c/r,  0)  - 
b KIe 


(15) 


where 


2 a2  2 1/4 

v%a  [cos  s + —k  sin  b] 


if  a/c  <1.0 


a 


2 c2  ? V4 

/tFc  [sin  b + -*■  cos  b] 

Q a2 


if  a/c  > 1.0 


(16) 


The  non-dimensional ized  factor  Fg(a/c,  c/r,  b)  was  determined  for  (a/c) 
values  ranging  from  0.1  to  1,0,  and  c/r  values  ranging  from  0.1  to  10.0. 
Figure  89  shows  values  of  the  factor  F as  a function  of  a/c  and  b for 
three  values  of  c/r,  namely  c/r  = 0.2,  1.0  and  3.0.  Values  of  F were 
quite  insensitive  to  a/c  for  all  c/r  values.  The  maximum  variations  of 
F occurred  for  6 = 90°  and  c/r  = 1.0  where  the  variation  was  less  than 
13%.  In  view  of  this  result,  it  was  concluded  that  Fg  could  be  assumed 
to  be  independent  of  a/c. 

Stress  intensity  factors  for  two  semi -circular  cracks  originating  at  a 
hole  in  a thick  plate  (Figure  87  with  a = c)  were  calculated  by  solving 
the  equivalent  problem  of  a pressurized  penny  shaped  crack.  The  penny 
shaped  crack  was  pressurized  by  the  exact  two  dimensional  stress  distri- 
bution adjacent  to  a hole  in  a plate  (see  Figure  84a)  and  stress  intensity 
factors  were  calculated  by  numerical -analytical  integration  of  the  Green's 
function  for  stress  intensity  factor  for  a penny  shaped  crack  given  by 
Smith  (38).  Details  of  the  Green’s  function  and  numerical -analytical 
integration  are  given  in  Reference  34.  Results  of  the  Green's  function 
approach  are  included  in  Figure  90  and  are  compared  to  results  obtained 
using  the  fitted  stress  approach  in  Figure  89.  There  are  significant 
differences  both  in  magnitude  and  distribution  of  stress  intensity  factors 
between  the  two  solutions,  particularly  for  large  c/r  ratios.  The 
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maximum  differences  occur  for  very  small  values  of  8,  i.e.,  at  points 
on  the  crack  periphery  near  the  hole. 

In  view  of  the  foregoing  results,  stress  intensity  factors  for  semi- 
elliptical  cracks  originating  at  fastener  holes  were  obtained  using  the 
Green's  function  approach  to  calculate  values  of  Fg  (it  was  previously 
concluded  that  Fg  could  be  considered  to  be  independent  of  a/c).  Equation 
16  to  calculate  KIg,  and  Equation  15  to  calculate  K^. 

There  is  no  stress  intensity  factor  solution  available  with  which  to 
compare  the  results  of  the  foregoing  approximate  solution.  However,  the 
approximate  solution  can  be  reduced  to  a two-dimensional  crack  problem 
by  letting  a/c  -+*».  The  problem  then  reduces  to  the  two-dimensional 
problem  of  two  symmetrical  thru  cracks,  each  of  length  c,  originating 
at  a hole  in  a thick  plate.  The  stress  intensity  factor  Kle  from 
Equation  16  is  given  by  a/Hc  at  8 = 90°.  Stress  intensity  factor  Kj^  is 
then  given  by  the  equation  F(c/r,  90)o/irc,  Values  of  F(c/r,  90)  agree 
within  four  percent  with  F(L/r)  values  from  Bowie's  solution  for  the 
range  of  0.1  <_  c/r  £ 10.0.  Since  the  foregoing  agreement  was  not  a 
built-in  condition  to  the  approximate  solution,  such  agreement  gives 
confidence  in  the  accuracy  of  the  solution. 

4. 2. 1.3  Quarter-Elliptical  Part-Thru  Cracks 

The  above  solution  of  stress  intensity  factor  for  two  semi -ell ipti cal 
cracks  in  a thick  plate  (Figure  91a)  was  used  to  estimate  the  stress 
intensity  factors  for  one  or  two  quarter-el  1 ipti cal  cracks  at  a hole  in 
a finite  thickness  plate  (Figure  91c  and  91d).  As  an  intermediate  step, 
stress  intensity  factors  (K^)  ^or  ^wo  cluarter  elliptical  cracks  at  a 
hole  in  a semi-infinite  solid  (Figure  91b)  were  estimated  by  introducing 
a correction  factor  to  account  for  the  stress  free  front  surface 
Mp  (a/c,  8),  i.e.. 


Kj2h  = (a/c,  8) 


(17) 
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MF  values  were  assumed  to  be  independent  of  g for  0 <_  g < 90°,  and  to 
be  given  by  the  equation  developed  for  the  point  of  maximum  depth 
($  = 0°)  on  the  periphery  of  a surface  flaw  in  a uniform  tension  stress 
field,  namely  (39): 

Mp  (a/c,  g)  = 1.0  + 0.12  (1  - a/2c)2  (18) 

At  g = 90°,  stress  intensity  solutions  for  part-circular  cracks  (40) 
show  that  values  of  Mp  (a/c,  90)  vary  from  1.1  to  1.23.  In  this  study, 
Mp  (a/c,  90)  was  assumed  to  be  1.11. 

The  stress  intensity  factor,  K^p,  for  two  quarter  elliptical  cracks  at 
a hole  in  a finite  thickness  plate  (Figure  91c)  can  be  estimated  by 
introducing  a second  correction  factor  Mg  (a/c,  a/t,  g)  to  account  for 
the  effects  of  the  stress  free  back  surface,  i.e., 

KI2p  = Mp  (a/c,  g)  • Mg  (a/c,  a/t,  g)  • KIh  (19) 

Back  surface  correction  factors  Mg  are  presently  available  only  for  an 
elliptical  crack  in  a semi-infinite  solid  subjected  to  uniform  tension 
(41,  42)  and  these  factors  were  used  to  estimate  Kj2p  in  the  above 
equation.  Values  of  Mg  for  a/c  - 1.0  are  plotted  in  Figure  92.  Mg 
values  for  other  a/c  ratios  can  be  obtained  from  Reference  41.  Stress 
intensity  factors,  K^p,  for  one  quarter  elliptical  crack  in  a finite 
thickness  plate  (Figure  91 d),  can  be  estimated  from  Kj2p  by  introducing 
a factor  similar  to  that  given  by  Equation  13.  A quarter-ell i ptical 
crack  having  a depth  'a'  and  length  'c*  has  an  area  equal  to  that  of  a 
thru  crack  of  length  . Thus,  the  stress  intensity  factor  for  one 

quarter  elliptical  crack,  K j ^ p , was  approximated  by  the  following 
equation. 

^IIP  = ^pfa^c*  ^)  * -^g(a/c>  a/ts  f)  + 2irac/4t  * ^Ih 

(20) 
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4,2.2  Cracks  Originating  at  Unloaded  Neat  Filled  Holes  in  a Plate 

Neat  filled  holes  are  holes  filled  with  an  insert  having  precisely  the 
same  diameter  as  the  hole.  The  probability  of  occurrence  of  a true  neat 
filled  hole  in  real  structure  is  remote.  However,  close  tolerance 
fastener  filled  holes  could  exhibit  behaviors  approximating  those  of  a 
neat  filled  hole  in  some  instances.  Accordingly,  the  neat  filled  hole 
problem  was  investigated  to  evaluate  potential  effects  of  close  tolerance 
fasteners  on  stress  intensity  factors  for  cracked  fastener  holes. 

Both  magnitude  and  distribution  of  stresses  adjacent  to  a hole  containing 
an  unloaded  neat  fit  insert  are  different  from  those  for  stresses 
adjacent  to  an  open  hole  as  illustrated  in  Figure  93.  The  results  shown 
in  Figure  93  were  obtained  from  exact  solutions  of  the  contact  problem, 
namely,  an  infinite  plate  with  a smooth  circular  insert  {43,  44,  45). 

As  seen  from  Figure  93,  the  effect  of  contact  conditions  and  fastener 
material  on  the  stress  ozz  along  x axis  is  less  than  3 percent  for  x/r 
greater  than  1.3  for  two  extreme  problems:  1)  a plate  containing  a 

rigid  fastener;  and  2)  a plate  containing  a highly  flexible  fastener 
(open  hole).  For  real  materials,  the  effect  on  azz  along  z = 0 of 
contact  conditions  and  plate/fastener  materials  for  a neat  filled  hole 
in  a plate  subjected  to  uniform  remote  stress  is  equal  to  or  smaller 
than  the  above  noted  effects.  For  1.0  ^ x/r  <_  1.3  (i.e.,  crack  lengths 
smaller  than  0.3r),  the  difference  in  stress  ozz  at  9 s 0°  between  the 
previously  considered  two  extreme  cases  ranges  from  3 to  22  percent. 
Hence,  the  stress  intensity  factor  solution  for  cracks  at  open  holes 
would  over-estimate  the  stress  intensity  factor  for  small  cracks  at 
neat  filled  holes.  It  is  conceivable  that  for  very  rigid  fasteners  and 
extremely  small  cracks  (L/r«0.1),  stress  intensity  factors  for  neat 
filled  holes  could  be  over-estimated  by  as  much  as  20  percent  using  the 
open  hole  solution.  For  most  practical  situations,  however,  it  is 
believed  that  the  over-estimate  would  be  less  than  10  percent.  Hence, 
it  was  concluded  that  the  solution  derived  for  stress  intensity  factors 
at  cracks  originating  from  an  open  hole  in  a plate  can  also  be  used  for 
the  corresponding  case  of  a neat  filled  hole. 
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It  is  of  interest  to  note  that  the  maximum  tensile  stress  on  the  hole- 
fastener  periphery  generally  occurs  at  the  point  of  contact  separation, 
i.e.,  9 ~ 20°.  Figure  94  shows  the  distribution  of  circumferential 
stress  agg  around  the  hole  periphery  for  four  different  combinations  of 
plate/fastener  materials.  The  difference  between  maximum  stresses  for 
the  filled  hole  and  the  open  hole  is  less  than  8 percent,  as  shown  in 
Figure  94.  In  the  case  of  fatigue  of  a filled  hole  with  no  cracks, 
crack  initiation  does  not  have  to  occur  at  9 = 0°,  In  the  absence  of 
the  influence  of  other  factors,  the  crack  probably  would  initiate  at 
the  point  of  maximum  stress  (9  ~ 20°)  and  grow  towards  9=0°. 

4.2.3  Cracks  Originating  at  Loaded  Neat  Filled  Holes  in  a Plate 

Using  the  Green's  function  approach  described  in  Section  4. 2. 1.2  and 
stress  distributions  obtained  from  Reference  34,  stress  intensity 
factors  for  cracks  originating  at  loaded  neat  filled  holes  were  cal- 
culated with  results  described  below.  One  additional  approximation 
was  used  in  these  calculations,  namely,  shear  stresses  existing  along 
the  crack  plane  were  ignored  since  they  are  small. 

4. 2. 3.1  Two  Symmetrical  Thru  Cracks  Originating  at  a Loaded  Neat 
Filled  Hole 

Stress  intensity  factor  (Kj)  for  two  thru  cracks,  each  of  length  L, 

originating  at  a neat  filled  hole  loaded  by  a force  P,  is  represented 

by  the  following  equation  (34): 

KI  = °b  'r^r'F3(L/|r>  (2D 

D 

where  = bearing  stress  = 

2r  = diameter  of  hole 

t = thickness  of  plate 

Fj  (L/r)  is  the  non-dimensional  factor  which  is  given  as  a 
function  of  the  ratio  of  crack  length  to  hole  radius,  L/r, 
in  Figure  95. 
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4. 2. 3. 2 One  Thru  Crack  Originating  at  a Loaded  Neat  Filled  Hole 
Stress  intensity  factor  (Kj)  for  one  thru  crack  of  length  L originating 
at  a neat  filled  hole,  loaded  by  a force  P,  is  given  by  the  following 
equation  (34): 

Kj  = ob  /TT-  F4  (L/r)  (22) 

where  ab  is  bearing  stress,  and  F^(L/r)  is  a non-dimensional  factor 
which  is  given  as  a function  of  the  ratio  of  crack  length  to  hole 
radius  (L/r)  in  Figure  96. 

4.2. 3.3  Two  Semi-Elliptical  Cracks  Originating  at  a Loaded  Neat 
Filled  Hole  in  a Thick  Plate 

Stress  intensity  factor  (Kjb)  for  two  semi -elliptical  cracks  originating 
at  a neat  filled  hole  loaded  by  a force  P in  a thick  plate  (Figure  87), 
is  represented  by  the  following  equation  (34).  It  is  assumed  that  plate 
thickness  t is  significantly  larger  than  2a  or  2c,  i.e.,  t >_  6a  or 
t > 6c. 


KIh  ■ F6(c/r,6)  K,eb  (23) 

Kjeb  = ob{Tra/Q)^2[cos^e  + (a2/c2)  sin2g]^;  a/c<1.0 

(24) 

Kjeb  = ab{irc/Q}^2[sin2s  + (c2/a2)  cos2g]1//4;  a/ol  .0 

where  a,  c,  r,  6,  and  a are  defined  in  Figure  87.  Fg(c/r,  g)  is  plotted 
against  the  parametric  angle  s for  various  values  of  c/r  varying  1 rom 
0.1  to  7.50  in  Figure  97.  Using  Equations  23  and  24  and  Figure  97, 
stress  intensity  factors  can  be  calculated  for  any  point  on  the  semi- 
elliptical crack  periphery  for  the  case  .of  two  semi-elliptical  cracks 
emanating  from  a loaded  neat  filled  hole  in  a thick  plate. 
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4. 2. 3. 4 


Two  Quarter  Elliptical  Cracks  Originating  at  a Loaded  Neat 
Filled  Hole  in  a Plate 
Stress  intensity  factors  for  two  quarter  ellipical  cracks  originating 
at  a loaded  neat  filled  hole  in  a finite  thickness  plate  can  be  obtained 
by  multiplying  stress  intensity  values  for  two  semi-el  1 i ptical  cracks  in 
a semi-infinite  solid  {Section  4. 2. 3. 3)  by  factors  to  account  for  the 
effect  of  the  stress  free  front  surface  (Mp)  and  the  stress  free  back 
surface  (Mg) , i .e. , 


KI  = F6 


'Ieb 


(25) 


Values  of  Mp  and  Mg  are  given  by  Equation  18  and  Figure  92,  respectively. 


4. 2. 3. 5 One  Quarter  Elliptical  Crack  Originating  at  a Loaded  Neat 
Filled  Hole  in  a Plate 

Stress  intensity  factors  for  one  quarter  elliptical  crack  at  a loaded 
neat  filled  hole  in  a plate  can  be  obtained  by  multiplying  stress 
intensity  values  for  two  quarter  elliptical  cracks  in  a plate  (Section 
4. 2. 3. 4)  by  a factor  to  account  for  the  change  in  number  of  crack 
locations  as  follows: 


K 


I 


2r  + Trac/4t 
2r  + 2irac/4t 


(26) 


The  basis  for  the  additional  factor  was  discussed  in  Section  4. 2. 1.2. 


4.2. 3.6  Cracks  at  a Loaded  Neat  Filled  Hole  in  a Plate  Subjected 
to  Tensile  Loading 

Consider:  1)  the  case  of  a plate  containing  a loaded  neat  filled  hole 

subjected  to  a remote  tensile  loading  (Figure  98a);  2)  the  case  of  a 
plate  containing  a neat  filled  hole  and  subjected  to  a remote  tensile 
load  Q (Figure  98b);  and  3)  the  case  of  a plate  containing  a loaded  neat 
filled  hole  (Figure  98c).  Since  the  contact  area  changes  between  the 
load  cases  of  Figures  98a,  98b,  and  98c,  the  stress  distribution  for  the 
case  of  Figure  98a  cannot  be  obtained  just  by  linearly  superposing  the 
stress  distributions  for  load  cases  of  Figures  98b  and  98c.  Knowing 
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that  the  contact  problem  is  nonlinear  and  still  applying  the  linear 
superposition  principle,  it  is  shown  in  Reference  34  that  the  stress 
distribution  ozz  along  x-axis  (z  = 0)  for  the  load  case  of  Figure  98a  can 
be  represented  within  5 percent  error  by  the  superposition  of  ozz  along  the 
x-axis  for  the  loading  cases  shown  in  Figures  98b  and  98c.  Since  stress 
intensity  factors  (K j ) for  cracks  lying  along  the  x-axis  depend  only  on 
the  stress  az2  along  the  x-axis  in  an  uncracked  plate,  it  appears  that 
good  estimates  of  stress  intensity  factors  for  cracks  emanating  from  a 
loaded  neat  filled  hole  in  a plate  subjected  to  remote  loading  (Figure 
98a)  can  be  obtained  by  linearly  superposing  stress  intensity  factors 
for  cracks  at  a neat  filled  hole  in  a plate  subjected  to  remote  loading 
(Figure  98b),  and  for  cracks  at  a loaded  neat  filled  hole  (Figure  98c). 
Stress  intensity  factors  for  the  latter  two  cases  are  discussed  in 
Section  4.2.3. 

4.2.4  Thru  Cracks  at  an  Interference  Fit  Fastener 

Substantial  plastic  yielding  can  occur  around  a hole  filled  with  an 
interference  fit  fastener  with  the  extent  of  plastic  yielding  governed 
by  the  level  of  interference  and  the  remotely  applied  loading  on  the 
plate.  An  exact  elastic-plastic  solution  to  this  problem  is  not  pre- 
sently available.  However,  a numerical  elastic-plastic  analysis  for 
stresses  near  an  interference  fit  fastener  hole  in  an  uncracked  plate 
is  available  for  one  specific  condition,  i.e.,  one  interference  level, 
one  fastener-plate  material  combination,  and  one  uniform  applied  stress 
(46).  The  Reference  46  numerical  elastic-plastic  solution  was  used  to 
check  an  approximate  elastic-plastic  solution  derived  for  the  stress 
ozz  across  the  x-axis  (z  = 0)  for  an  uncracked  plate  containing  an  inter- 
ference fit  fastener  and  subjected  to  either  no  applied  loading,  or  a 
uniform  unixial  tensile  stress  (34),  The  advantage  of  the  approximate 
solution  over  the  numerical  elastic-plastic  solution  (46)  is  that  it  can 
be  used  for  any  interference  level,  any  fastener-plate  combination,  and 
any  applied  remote  tensile  stress. 
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A comparison  of  stress  distributions  along  the  x-axis  between  the 
approximate  (34)  and  numerical  (46)  solutions  is  given  in  Figure  99  for 
an  aluminum  plate  of  uniaxial  tensile  yield  strength  of  70  ksi  which 
contains  a 0.25  inch  diameter  steel  fastener  installed  using  a diametral 
interference  of  0.004  inch.  Figure  99  gives  comparisons  for  three  con- 
ditions: 1)  stress  distribution  due  to  interference  alone;  2)  stress 

distribution  due  to  interference  and  an  applied  remote  stress  of 
a = 25  ksi;  and  3),  stress  distribution  due  to  interference  and 
unloading  of  the  applied  stress  of  a = 25  ksi.  Both  stress  distribution 
and  location  of  elastic-plastic  boundary  given  by  the  approximate  solu- 
tion agree  quite  well  with  those  given  by  the  numerical  analysis.  The 
stresses  given  by  approximate  solution  are  up  to  15  percent  higher  than 
those  given  by  numerical  analysis  except  for  the  small  stresses  near  the 
fastener.  Thus,  stress  intensity  factors  which  are  derived  using  stress 
distributions  given  by  approximate  analysis  will  be  slightly  higher  than 
those  derived  from  the  stress  distribution  given  by  numerical  analysis. 

From  Figure  99,  it  can  be  seen  that  the  stress  distribution  in  an 
uncracked  plate  with  interference  fastener  is  dependent  upon  prior  load 
history  when  the  material  around  the  fastener  goes  into  yielding.  Stress 
distribution  a along  the  x-axis  near  the  fastener  is  dependent  upon  uni- 
axial tensile  yield  strength  of  the  material,  both  Young's  modulus  and 
Poisson's  ratio  for  the  plate  and  fastener  materials,  interference  level 
(6/d),  and  the  applied  uniaxial  stress  (a).  Hence,  the  stress  intensity 
factors  given  in  the  subsequent  figures  are  applicable  only  to  specific 
conditions  listed  in  each  figure  which  are  the  conditions  used  in  the 
experimental  portion  of  this  program. 

4. 2. 4.1  Thru  Cracks  Subjected  to  Interference  Stresses  Alone 
Stresses  derived  from  the  approximate  elastic-plastic  analysis  for  an 
uncracked  2219-T851  aluminum  plate  (a  = 51.3  ksi)  containing  a steel 

Jf 

interference  fastener  with  no  applied  loading  (34)  were  used  along  with 
the  procedure  described  in  Section  4.2.1  to  obtain  the  stress  intensity 
factors  for  two  thru  cracks  at  an  interference  fastener.  It  was  assumed 
that  the  plate  was  not  subjected  to  any  remote  loading  after  installation 
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of  the  fastener  and  that  the  material  around  the  hole  had  not  yielded 
prior  to  installation  of  the  fastener.  Stress  intensity  factor  { ) for 
two  thru  cracks  originating  from  an  interference  fastener  was  represented 
by  the  following  equation  (34): 

Kj  = FjfL/r.  «/d)  (27) 

where  a is  the  uniaxial  tensile  yield  strength  of  the  plate  material,  L 
ys 

is  the  crack  length  of  each  of  the  two  through  cracks,  and  the  stress 
intensity  factor  Kj  is  due  to  interference  alone.  Fj(L/r,  6/d)  is  given 
as  a function  of  crack  length  to  hole  radius  ratio  ( L/r ) for  various 
values  of  interference  levels  ( 5/d ) of  0.005,  0.0075,  0.010,  0.012,  0.014, 
and  0.016  in  Figure  100.  Values  of  F j ( L/r , 6/d)  were  derived  for  a 
2219-T851  aluminum  plate  containing  a steel  fastener.  Material  properties 
taken  for  aluminum  plate  are  a = 51.3  ksi,  E = 10,000  ksi,  v = 0.3. 

yb 

For  the  steel  fastener,  E = 30,000  ksi  and  v = 0.3.  Reference  34  gives 
a values  of  F j ( L/r s 6/d)  for  various  other  material  combinations,  for 
various  values  of  6/d,  and  L/r  values  up  to  10.0. 

4. 2. 4. 2 Thru  Cracks  Subjected  to  Combined  Applied  and  Interference 
Stresses 

Stress  distribution,  derived  from  the  approximate  elastic-plastic  solution 
for  a loaded  uncracked  plate  containing  an  interference  fit  fastener 
(34),  was  used  along  with  the  procedure  described  in  Section  4.2.1  to 
calculate  the  stress  intensity  factors  for  two  cracks  at  an  interference 
fastener  in  a plate  subjected  to  uniaxial  stress  cr  . Stress  intensity 
factor  (Kj)  for  two  thru  cracks  originating  from  an  interference  fastener 
hole  in  a plate  subjected  to  applied  unixial  tensile  stress  omax  (Figure 
101)  is  represented  by  the  following  equation  (34) 

KI  = FIa  ^r*  6/d’  amax^  °ys 
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The  function  Fj  in  Equation  28  is  dependent  upon  the  ratios  of  crack 
length  to  hole  radius  and  diametral  interference  to  diameter  of  fastener 
(or  hole),  and  the  applied  stress  a . It  also  is  dependent  upon  the 
plate/fastener  material  combination  and  the  yield  strength  of  the  plate 
material.  Values  of  F j ^ (L/r , 6/d,  omax)  are  given  in  Figures  101,  102 
and  103  for  the  aluminum,  steel  and  titanium  alloys,  respectively.  The 
values  of  6/d  and  cr  for  which  FT  values  are  given  coincide  with  the 
test  conditions  used  in  this  program. 


As  seen  from  Figure  99,  the  unloading  process  is  elastic.  If  the 

cracked  specimen  is  cycled  from  omax  to  omin,  the  stress  intensity 

factor  at  o . (denoted  by  K . ) is  given  by  the  following  equation: 
min'  J min  3 J 33 


min 


KI  * < 


max 


- a . ) *^ttL 
mi  n 


(29) 


where  KT  is  given  by  Equation  28  for  the  applied  maximum  stress  o 

I max 

If  the  value  of  K . is  less  than  zero,  K . is  taken  as  zero, 
min  min 


If  the  specimen  is  subjected  to  an  overload  cycle  such  as  ortl  = a. 

0 1 ITlaX 

then  cycled  at  a lower  stress  range  such  as  «ur]iax  - °um-jn>  stress 

intensity  factors  for  a and  o . can  be  calculated  by  the  following 
J umax  uniin  J 

equations  (similar  to  Equation  29): 


KlKmax  = KI|aoT  (aol  ‘ °umax)^r 

(30) 

^I^umin  ” Kl!°or  ^°ol  ” °umin^irb 

Kli°ol  1s  given  by  Equation  28.  If  ! CTumax  and  Kll°umin  given  by  the 
above  equations  are  less  than  zero,  they  are  assumed  to  be  equal  to 

zero. 

Stress  intensity  factor  for  only  one  crack  at  the  fastener  may  be 
estimated  from  that  of  two  cracks  by  using  the  factor  described  in 
Section  4.2.1  by  Equation  18. 
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5.0  RESULTS  AND  DISCUSSION  OF  FASTENER  HOLE  FLAW  TESTS 


Results  of  cracked  fastener  hole  tests  are  described,  analyzed,  and  dis- 
cussed using  the  following  breakdown:  1)  static  fracture  tests  of  4340 

steel  alloy  specimens;  2)  constant  cyclic  load  tests,  overload  tests, 
and  spectrum  load  tests  of  2219-T851  aluminum,  9Ni-4Co-0.2C  steel,  and 
6A1-4V  beta-annealed  titanium  alloy  specimens. 

5.1  Static  Fracture  Tests  of  4340  Steel  Specimens 

Forty-two  4340  (220-240  ksi}  steel  alloy  specimens  were  statically 
fractured  to  evaluate  the  applicability  of  engineering  estimates  of 
stress  intensity  factors  to  the  prediction  of  fracture  strength  of  metal- 
lic structures  containing  cracked  fastener  holes.  The  program  of  frac- 
ture toughness,  open  hole,  loaded  close  tolerance  fastener,  unloaded 
interference  fit  fastener,  and  loaded  interference  fit  fastener  tests 

is  summarized  in  Table  13  and  described  in  Section  2.2.3.  The  tests 
yielded  the  following  results. 

5.1.1  Fracture  Toughness  Tests 

Two  surface  flaw  specimens  and  two  center  cracked  specimens  (Figure  A9b) 

were  tested  to  measure  fracture  toughness  for  the  T-S  and  T-L  directions 
of  the  4340  plate.  Since  the  cracked  fastener  hole  specimens  had  to  be 
heat  treated  in  two  groups,  one  surface  flaw  and  one  center-cracked 
specimen  were  included  in  each  of  the  heat-treat  groups.  Results  of  the 
static  fracture  tests  are  summarized  in  Tables  30  and  31.  There  were 
small  differences  in  fracture  toughness  values  for  each  heat  treat  group 
and  each  test  direction.  However,  all  values  were  within  +5%  of  the 
median  value  of  72  ksi  /fn. 

5.1.2  Open  Hole  and  Loaded  Close  Tolerance  Fastener  Tests 
Twelve  specimens  containing  part-through  cracks  at  open  holes  were 
tested.  Six  specimens  contained  cracks  originating  from  both  sides  of 
the  hole.  Cracks  were  nominally  quarter-circul ar  in  shape  and  had  tar- 
geted depth-to-thickness  ratios  of  0.4,  0.6  and  0.8,  Two  hole  diameters 
{0.25  and  0.375  inch)  were  used  in  the  presence  of  both  single  and 
double  sided  cracks.  The  results  are  summarized  in  Table  32  and  failure 
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stress  for  each  of  the  specimens  is  plotted  against  crack  depth-to- 
thickness  ratio  in  Figure  104.  Results  were  very  consistent  except  for 
one  specimen  having  a hole  diameter  of  0.375  inch  and  crack  depth-to- 
thickness  ratio  of  0.75.  No  reason  for  the  one  seemingly  spurious 
result  could  be  determined. 

Six  specimens  containing  corner  cracks  at  holes  containing  loaded  close 
tolerance  fasteners  were  tested.  Three  specimens  contained  a single 
crack  originating  from  one  side  of  the  hole  and  three  specimens  con- 
tained two  cracks  including  one  originating  from  each  side  of  the  fas- 
tener hole.  Cracks  were  nominally  quarter-circular  in  shape  and  had 
targeted  depth-to-thickness  ratios  of  0.4,  0.6  and  0.8.  Test  results 
are  summarized  in  Table  33  and  failure  stress  for  each  specimen  is 
plotted  against  crack  depth  to  thickness  ratio  in  Figure  105.  Double 
sided  cracks  resulted  in  consistently  lower  failure  stresses  than  did 
the  single  sided  cracks  and  failure  stresses  decreased  with  increasing 
crack  size  for  both  single  and  double  crack  specimens. 

Results  were  analyzed  to  determine  the  locations  on  the  flaw  peripheries 
at  which  calculated  stress  intensity  factors  equaled  the  fracture  tough- 
ness at  maximum  load.  This  was  accomplished  as  shown  in  Figures  106  and 
107  where  variations  in  stress  intensity  factor  around  the  periphery  of 
each  flaw  are  shown.  Horizontal  lines  were  drawn  to  represent  average 
and  average  +10%  values  of  fracture  toughness  for  the  T-S  direction  as 
determined  from  surface  flaw  tests.  Calculated  stress  intensity  factors 
appeared  to  be  in  best  agreement  with  fracture  toughness  values  when 
a = 25  degrees  {a  is  defined  in  Figure  106)  where  ratios  of  calculated 
to  measured  fracture  toughness  ranged  from  0.83  to  1.19,  Even  though 
the  calculated  stress  intensity  factors  are  higher  at  the  edge  of  the 
hole  (a  = 0°)  then  at  a = 25°,  it  would  not  be  expected  that  fracture 
would  initiate  at  the  edge  of  the  hole  due  to  the  release  of  constraint 
to  crack  tip  deformations  resulting  from  the  stress  free  hole  surface. 
Rather,  fracture  would  be  expected  to  initiate  some  distance  away  from 
the  hole  surface  after  constraint  to  crack  tip  deformations  builds  up 
to  a level  equivalent  to  plane  strain  conditions.  Hence,  the  conclusions 
that  fractures  in  these  tests  originated  at  a point  about  25  degrees 
away  from  the  hole  surface  appears  to  be  reasonable. 
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On  the  basis  of  the  foregoing  results,  it  was  concluded  that  effective 
stress  intensity  factors  at  maximum  crack  depth  for  all  part-through 
fastener  hole  flaws  in  this  program  should  be  set  equal  to  calculated 
stress  intensity  factors  for  points  on  the  crack  peripheries  25  degrees 
away  from  the  hole  surface.  This  procedure  is  applicable  to  quarter- 
circular  or  near  quarter  circular  cracks  originating  at  open  holes,  or 
holes  filled  with  close  tolerance  fasteners  subjected  to  low  load 
transfer.  For  elliptical  cracks  and/or  high  load  transfer,  this  proce- 
dure may  not  be  applicable  and  should  not  be  used  unless  verified  by 
test . 

5.1.3  Unloaded  Interference  Fit  Fastener  Tests 

Eighteen  specimens  containing  corner  cracks  originating  at  holes  con- 
taining unloaded  interference  fit  fasteners  were  tested.  Using  0.25 
inch  diameter  fasteners,  three  specimens  were  tested  for  two  interfer- 
ence levels  (0.0018  and  0.0042  inch)  and  two  crack  geometries  (single 
and  double  sided  quarter-circular  part-through  cracks).  The  interference 
levels  are  the  maximum  and  minimum  values  allowed  for  standard  interfer- 
ence installations.  Using  0.375  inch  diameter  fasteners,  three  speci- 
ments  were  tested  for  each  of  the  single  and  double  sided  crack 
geometries.  Interference  level  was  0.0054  inch  which  was  the  maximum 
value  allowed  for  standard  interference  installations.  Each  set  of 
three  specimens  contained  flaws  having  targeted  depth-to-thickness  ratios 
of  0.4,  0.6  and  0.8.  Test  results  are  summarized  in  Tables  34  and  35. 
Failure  stresses  are  plotted  against  crack  depth-to-thickness  ratios  in 
Figures  104  and  105.  Results  for  the  0.25  inch  diameter  holes  indicate 
that  interference  level  had  very  little  effect  on  fracture  stress  for 
all  flaw  sizes  tested.  For  both  single  and  double  cracks,  failure 
stresses  for  cracked  fastener  holes  filled  with  interference  fit  fas- 
teners installed  using  both  maximum  and  minimum  interference  levels 
were  in  good  agreement  with  failure  stresses  for  cracked  open  holes. 
Results  for  the  0.375  inch  diameter  holes  were  less  consistent  than 
were  results  for  the  smaller  diameter  holes.  For  the  smallest  flaw 
sizes  tested,  cracked  holes  containing  interference  fit  fasteners  yielded 
higher  failure  stresses  than  did  open  holes.  For  intermediate  flaw 
sizes,  interference  fit  fasteners  again  increased  failure  stress  but  to 
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a smaller  extent  than  for  the  smallest  flaw  sizes.  For  the  largest 
flaw  sizes,  interference  fit  fasteners  increased  failure  stress  for 
the  single  side  cracks  but  had  no  effect  on  failure  stress  for  the 
double  side  cracks. 

Results  for  the  unloaded  interference  fit  fastener  tests  could  not  be 
quantitively  evaluated  since  methods  for  calculating  fracture  stress 
in  the  presence  of  part-thru  cracks  were  not  available.  However,  some 
insight  into  the  effect  of  interference  fit  fasteners  on  fracture 
strength  can  be  gained  by  comparing  stress  fields  adjacent  to  open 
holes  and  holes  containing  unloaded  interference  fit  fasteners  as  shown 
in  Figure  108.  Near  the  hole,  stresses  are  lower  in  the  presence 
of  the  interference  fit  fastener.  However,  the  combined  applied  and 
interference  forces  cause  the  material  to  go  into  general  yielding  adja- 
cent to  the  fastener  whereas,  in  this  particular  example,  the  material 
near  the  open  hole  remains  in  the  elastic  state.  Hence,  if  the  bene- 
ficial effects  on  crack  stability  of  the  lower  stresses  more  than  offset 
possible  detrimental  effects  due  to  yielding,  fracture  stresses  for 
cracks  having  small  size-to-hole  diameter  ratios  could  be  elevated  by 
the  presence  of  inteference  fit  fasteners.  Apparently,  such  was  the  case 
for  the  smallest  crack  sizes  tested  in  the  presence  of  0.375  inch  diam- 
eter interference  fit  fasteners  in  this  program.  Further  away  from  the 
hole,  strains  are  in  the  elastic  range  for  both  open  and  filled  holes 
and  stresses  become  larger  in  the  presence  of  interference  fit  fasteners 
than  near  open  holes.  Hence,  stress  intensity  factors  at  locations  on 
crack  peripheries  away  from  the  holes  could  be  larger  in  the  presence  of 
interference  fit  fasteners  and  result  in  lower  failure  stresses.  For  inter- 
mediate crack  size-to-hole  diameter  ratios,  fracture  strength  in  the 
presence  of  cracks  originating  at  open  and  interference  fit  fastener 
holes  could  be  nearly  equal.  The  latter  situation  appeared  to  be  exist- 
ent in  most  of  the  tests  described  in  this  section,  particularly  the 
tests  involving  0.25  inch  diameter  holes. 

It  is  not  possible  to  generalize  concerning  the  effects  of  interference 
fit  fasteners  on  fracture  strength  of  cracked  fastener  holes.  There  are 
innumerable  possible  combinations  of  fastener  material,  plate  material, 
applied  stress,  interference  level,  hole  diameter,  crack  size,  and 
crack  shape,  many  of  which  yield  different  effects  of  interference  fit 
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fasteners  on  fracture  strength,  A more  fundamental  understanding  of  the 
effects  of  interference  fit  fasteners  on  stability  of  cracks  originating 
at  fastener  holes  is  required  before  any  general  conclusions  can  be 
drawn  about  fracture  strength  of  cracked  interference  fit  fastener  filled 
holes . 

5.1.4  Loaded  Interference  Fit  Fastener  Tests 

Six  specimens  containing  flaws  originating  at  holes  filled  with  loaded 
interference  fit  fasteners  were  statically  fractured.  Two  groups  of 
three  specimens  were  tested.  One  group  contained  single  flaws  originat- 
ing from  only  one  side  of  the  fastener  hole,  and  the  other  group  con- 
tained two  flaws  including  one  flaw  originating  from  each  side  of  the 
fastener  hole.  All  flaws  were  approximately  quarter-circular  in  shape 
and  had  nominal  depth-to-thickness  ratios  of  either  0.4,  0.6  or  0.8. 

Test  results  are  tabulated  in  Table  36.  Failure  stress  for  each  speci- 
men is  plotted  against  the  corresponding  flaw  depth-to-thickness  ratio 
in  Figure  105.  Load  transfer  was  small  and  failure  stresses  were  only 
slightly  lower  for  the  loaded  fastener  tests  than  for  the  unloaded  fas- 
tener or  open  hole  tests.  In  most  cases,  there  was  very  little  differ- 
ence between  failure  stresses  for  close  tolerance  and  interference  fit 
fastener  tests.  The  most  significant  effects  were  those  of  crack  size 
and  number  of  cracks.  There  was  a distinct  decrease  in  failure  stress 
with  increase  in  either  crack  size  or  number  of  cracks.  Results  for 
the  loaded  fastener  tests  could  not  be  quantitatively  evaluated  due  to 
the  lack  of  applicable  stress  intensity  factor  solutions.  The  loaded 
fastener  tests  were  similar  to  the  previously  described  unloaded  fas- 
tener tests  and  the  discussion  for  the  unloaded  tests  is  equally  appli- 
cable to  the  loaded  fastener  tests. 

5.1.5  Summary 

Static  fracture  tests  of  4340  steel  {220-240  ksi)  alloy  specimens  con- 
taining part-thru  cracks  originating  at  open  or  close  tolerance  fas- 
tener holes  yielded  straight  forward  results.  Failure  stress  was  found 
to  decrease  with  increasing  crack  size,  hole  diameter,  faster  load,  and 
number  of  cracks  (one  or  two).  An  analysis  of  the  results  led  to  the 
conclusion  that  fractures  initiated  some  distance  away  from  the  hole  at 
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a location  on  the  crack  boundary  where  constraint  to  crack  tip  deforma- 
tions had  increased  to  plane  strain  constraint  conditions.  This  loca- 
tion appeared  to  lie  at  an  average  angle  of  about  25  degrees  away  from 
the  wall  of  the  hole.  In  the  remainder  of  this  program,  effective 
intensity  factors  for  all  part-through  fastener  hole  flaws  originating 
at  close  tolerance  filled  and  open  holes  will  be  computed  at  a point  on 
the  crack  periphery  25  degrees  away  from  the  wall  of  the  hole. 

Results  of  static  fracture  tests  of  4340  steel  (220-240  ksi)  alloy  steel 
specimens  containing  part  thru  cracks  originating  at  interference  fit 
fastener  filled  holes  were  less  straight  forward  than  were  those  for 
specimens  containing  precracked  close  tolerance  fastener  holes.  Failure 
stress  was  found  to  decrease  with  increasing  crack  size,  fastener  load, 
and  number  of  cracks.  The  effect  of  hole  diameter  on  failure  stress  was 
dependent  on  both  crack  size  and  number  of  cracks;  both  increases  and 
decreases  in  fracture  stress  with  increasing  hole  diameter  were  observed. 
Finally,  interference  level  was  found  to  have  little  or  no  effect  on  frac- 
ture stress  for  the  conditions  tested  in  this  program.  It  was  concluded, 
however,  that  a fundamental  understanding  of  the  effects  of  fastener  inter- 
ference level  on  stability  of  cracks  originating  at  fastener  holes  is 
required  before  any  general  conclusions  can  be  drawn  concerning  fracture 
strength  of  cracked  interference  fit  fastener  filled  holes. 

5.2  Constant  Cyclic  Load  Tests 

Constant  cyclic  load  tests  were  conducted  on  specimens  containing  cracks 
originating  at  open  holes,  close  tolerance  fastener  holes,  and  inter- 
ference fit  fastener  holes.  Both  open  and  close  tolerance  fastener 
holes  were  tested  in  the  conventional  and  cold  worked  conditions.  Speci- 
men configuration  for  2219-T851  aluminum  alloy  specimens  containing  close 
tolerance  fasteners  is  shown  in  Figure  109.  Each  specimen  contained  one 
loaded  fastener,  one  open  hole  and  one  surface  flaw.  Specimen  configura- 
tion for  9Ni-4Co-0.2C  steel  and  Ti-6A1-4V  eA  alloy  specimens  was  similar  to 
that  shown  in  Figure  109  except  the  open  hole  was  filled  with  a finger 
tight  close  tolerance  fastener,  and  the  surface  flaw  was  replaced  by  an 
open  hole.  Specimen  configuration  for  all  interference  fit  fastener 
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specimens  is  shown  in  Figure  110.  Each  specimen  contained  one  loaded 
and  one  unloaded  interference  fit  fastener  installed  using  average  inter- 
ference values  for  standard  installations.  The  third  hole  was  filled 
with  either  a second  unloaded  interference  fit  fastener,  or  was  cold 
worked  and  left  unfilled. 

5.2.1  Conventional  Open  and  Close  Tolerance  Fastener  Filled  Holes 

Three  specimens  containing  part-thru  cracks  originating  at  open  and 
close  tolerance  fastener  filled  holes  were  tested.  One  specimen  was 
tested  for  each  alloy  including  2219-T851  aluminum  alloy  specimen 
FUCTA-1 , 9Ni-4Co-0.2C  steel  specimen  FUCTS-1 , and  6A1-4V  gA  titanium 
specimen  FUCTT-1.  Test  details  for  each  of  the  three  specimens  are 
listed  in  the  uppermost  lines  of  Tables  37  through  39.  Raw  test  data  are 
tabulated  in  Tables  93,  99  and  104  in  Volume  2 of  this  report.  Test  data 
are  plotted  on  graphs  of  crack  size  versus  cycles  in  Figures  111  through 
113.  In  the  upper  graphs,  crack  depth  (a)  is  plotted  against  cycles 
until  the  flaw  depth  equals  the  specimen  thickness;  thereafter,  values 
of  the  sum  of  specimen  thickness  and  crack  length  at  the  back  specimen 
face  (a+C£)  are  plotted  against  cycles.  In  the  lower  graphs,  crack 
length  at  the  front  specimen  face  (c-| ) is  plotted  against  cycles.  In 
all  cases,  cracks  originating  at  loaded  holes  grew  faster  than  cracks 
originating  at  open  or  filled  holes  and  there  was  essentially  no  differ- 
ence between  crack  growth  behavior  of  open  and  filled  holes.  In  the 
aluminum  alloy  specimen,  the  fastener  hole  flaws  grew  considerably 
faster  than  a surface  flaw  having  approximately  the  same  initial  depth 
and  length  dimensions. 

Crack  shape  underwent  only  moderate  changes  as  the  cracks  grew  through 
the  specimen  thickness.  This  result  is  illustrated  in  Figure  114  where 
crack  width  at  the  front  specimen  face  (c£)  is  plotted  against  crack 
depth.  Crack  depth  increased  at  a slightly  faster  rate  than  crack 
width . 

A comparison  was  made  between  experimental  and  calculated  cyclic  lives 
for  each  flaw  to  evaluate  the  usefulness  of  the  previously  described 
engineering  estimates  of  stress  intensity  factors  in  predicting  cyclic 
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life  for  cracked  fastener  holes.  Calculated  lives  were  obtained  by 
integrating  crack  growth  rates  over  each  increment  of  growth  generated 
in  the  tests.  Crack  growth  rates  were  obtained  using  the  appropriate 
baseline  crack  growth  rate  data  and  stress  intensity  factors  were  cal- 
culated using  the  methods  described  in  Section  4,0.  In  the  depthwise 
direction,  stress  intensity  factors  were  calculated  at  points  on  the 
crack  periphery  located  at  a 25  degree  angle  away  from  the  wall  of  the 
hole.  This  procedure  was  based  on  results  of  the  4340  static  fracture 
tests  as  described  in  Section  5.1.2.  In  the  lateral  direction,  stress 
intensity  factors  were  calculated  at  the  surface  of  each  specimen.  The 
transition  from  a part-thru  crack  to  a thru  crack  was  made  by  assuming 
that  a part-thru  crack  having  a depth  equal  to  the  specimen  thickness 
was  equivalent  to  an  equal  area  uniform  thru  crack.  Thru  cracks  having 
unequal  crack  lengths  at  each  side  of  the  specimen  were  assumed  to  be 
equivalent  to  uniform  thru  cracks  having  a length  equal  to  the  average 
of  the  unequal  surface  lengths  of  the  non-uniform  crack. 

Two  different  calculations  were  made  for  each  flaw.  In  one  calculation, 
stress  intensity  factors  and  crack  growth  data  for  the  depthwise  direc- 
tion were  used  to  estimate  the  number  of  cycles  required  to  grow  the 
crack  through  the  specimen  thickness.  In  the  second  calculation,  stress 
intensity  factors  and  crack  growth  data  for  the  lateral  direction  were 
used  to  estimate  the  number  of  cycles  required  to  grow  the  crack  through 
the  specimen  thickness.  In  both  calculations,  the  transition  from  a 
part-thru  to  thru  crack  was  made  as  described  above  and  life  calcula- 
tions were  continued  until  the  calculated  crack  length  reached  the  maxi- 
mum crack  length  measured  in  the  tests. 

Comparisons  between  calculated  and  experimental  lives  are  illustrated  in 
Figure  115.  Agreement  between  calculations  and  experiment  is  good  in 
all  cases.  Ratios  of  actual  to  calculated  life  ranged  from  a low  of 
0.75  for  the  aluminum  alloy  to  a high  of  1.63  for  the  titanium  alloy. 

For  the  aluminum  and  steel  alloys,  there  was  very  little  difference 
between  results  of  the  calculations  made  for  the  depthwise  and  lateral 
directions.  This  result  indicates  that  stress  intensity  factors  for 
both  the  depthwise  and  lateral  directions  were  equally  accurate.  For 
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the  titanium  alloy,  the  discrepancy  between  results  of  depthwise  and 
lateral  calculations  was  greater  than  for  the  other  two  alloys.  This 
result  may  have  been  due  to  the  fact  that  crack  growth  rates  were  more 
sensitive  to  stress  intensity  factors  for  the  titanium  alloy  than  for 
the  aluminum  and  steel  alloys.  Hence,  small  increases  in  stress  inten- 
sity factor  resulted  in  reasonably  large  changes  in  calculated  life  for 
the  titanium  alloy  specimens.  Finally,  ratios  of  calculated  to  actual 
life  tended  to  be  smaller  for  the  loaded  holes  than  for  both  open  and 
filled  holes. 

For  the  range  of  parameters  used  in  these  tests,  it  was  found  that 
accurate  calculations  of  crack  propagation  life  for  cracked  fastener 
holes  could  be  made  using  stress  intensity  factors  calculated  as 
described  in  Section  4.0  of  this  report,  and  baseline  crack  growth  rate 
data  obtained  from  surface  flaw  specimens.  However,  these  tests  were 
limited  to  simple  loading  profiles,  part-circular  cracks,  one  initial 
crack  depth  to  hole  diameter  ratio,  and  either  no  load  transfer  or  low 
load  transfer.  Hence,  even  though  the  results  obtained  herein  are 
encouraging,  further  work  is  needed  to  investigate  crack  propagation 
behavior  for  cracks  having  smaller  initial  size  to  hole  diameter  ratios 
and  subjected  to  greater  load  transfer  though  the  fastener. 

5.2.2  Cold  Worked  Open  and  Fastener  Filled  Holes 

Three  specimens  containing  part-thru  cracks  originating  at  cold  worked 
fastener  holes  were  tested.  One  specimen  was  tested  for  each  alloy 
including  FUCCA-1  for  the  aluminum  alloy,  FllCCS-1  for  the  steel  alloy, 
and  FUCCT-1  for  the  titanium  alloy.  Each  specimen  contained  one  high 
expansion  hole  containing  a loaded  close  tolerance  fastener,  one  high 
expansion  filled  with  an  unloaded  close  tolerance  fastener,  and  one  open 
hole  for  which  the  amount  of  cold  expansion  was  reduced  by  25  percent. 
Test  details  for  each  of  the  three  specimens  are  listed  in  Tables  37 
through  39.  Raw  data  are  listed  in  Tables  94,  100  and  105  in  Volume  2 
of  this  report. 

Growth  characteristics  for  cracks  originating  at  cold  worked  holes  were 
different  from  those  for  cracks  originating  at  conventional  holes.  For 
the  cold  worked  holes,  crack  depth  growth  was  accentuated  along  the  face 
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of  the  hole  as  illustrated  in  Figure  116  where  the  fracture  surfaces  of 
two  aluminum  alloy  cold  worked  hole  specimens  are  drawn  to  scale.  Speci- 
men TCA-1  was  subjected  to  1000  loading  cycles  having  a peak  cyclic 
stress  of  28  ksi.  It  is  evident  that  crack  depth  increased  considerably 
more  than  crack  width.  Specimen  TCA-2  was  subjected  to  36,400  loading 
cycles  having  a peak  cyclic  stress  of  28  ksi.  Again,  crack  depth  growth 
was  accentuated  along  the  face  of  the  hole.  These  results  indicate 
that  the  cold  working  process  probably  produces  residual  stresses  that 
are  greater  at  the  edge  of  the  hole  than  at  small  distances  away  from 
the  hole, 

Crack  depth  growth  rates  for  cold  worked  holes  were  considerably  slower 
than  rates  for  conventional  holes  even  though  cold  working  resulted  in 
accentuated  crack  growth  along  the  face  of  the  hole.  This  result  is 
illustrated  in  Figure  117  where  crack  length  is  plotted  as  a function 
of  loading  cycles  for  both  conventional  and  cold  worked  open  holes. 

There  appears  to  be  an  initial  period  of  very  slow  crack  growth  rate  for 
the  cold  work  holes  similar  to  the  crack  growth  behavior  observed  after 
tensile  overloads. 

Crack  propagation  lives  for  cold  worked  hole  specimens  were  compared  to 
calculated  lives  for  cracked  conventional  fastener  holes  having  the  same 
initial  crack  geometry  as  the  cold  worked  holes.  Calculated  lives  were 
equal  to  the  number  of  cycles  that  would  have  been  required  to  grow  the 
initial  crack  depth  to  the  final  crack  depth  observed  in  the  cold  worked 
hole  specimens  if  the  crack  had  originated  at  a conventional  hole. 

Hence,  the  calculated  final  crack  widths  were  larger  than  the  actual 
crack  widths  in  the  cold  worked  hole  specimens.  This  procedure  was 
selected  to  yield  lower  bound  values  of  increase  in  crack  propagation 
life  due  to  cold  working.  Results  of  the  calculations  are  summarized 
in  Figure  118.  Cold  working  resulted  in  about  a tenfold  increase  in 
crack  propagation  life  except  for  the  low  expansion  open  hole  in  the 
steel  alloy  specimen.  In  these  tests,  the  titanium  alloy  responded 
most  favorably  to  the  cold  working  process  but  it  is  not  obvious  whether 
this  result  would  be  generally  applicable.  The  effect  of  the  amount  of 
cold  expansion  was  stronger  in  the  steel  alloy  than  in  the  titanium 
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alloy.  A twenty-five  percent  reduction  in  cold  expansion  resulted  in 
decreases  in  crack  propagation  life  of  about  70  percent  for  the  steel 
alloy  and  about  20  percent  for  the  titanium  alloy.  The  effect  of  expan- 
sion level  was  not  determined  for  the  aluminum  alloy. 

Stress  intensity  factors  applicable  to  cold  worked  holes  were  not  avail- 
able and,  hence,  it  was  not  possible  to  apply  the  results  of  this  program 
to  conditions  that  differ  from  those  used  in  these  tests.  The  effect  of 
cold  working  on  crack  propagation  life  should  depend  on  initial  crack 
shape,  initial  crack  size,  crack  size  to  hole  diameters  ratio,  and 
interference  level.  Additional  analyses  and  test  data  will  be  required 
to  better  characterize  the  effects  of  cold  working  of  fastener  holes  on 
crack  propagation  life. 

5.2.3  Interference  Fit  Fastener  Tests 

Test  parameters  for  each  of  eleven  test  specimens  containing  interference 
fit  fasteners  are  listed  in  Tables  37  through  39.  One  specimen  contain- 
ing uniform  thru  cracks  was  tested  for  each  alloy  including  specimen 
FUTIA-1  for  the  aluminum  alloy.  Specimen  FUTIS-1  for  the  steel  alloy, 
and  Specimen  FUT IT-1  for  the  titanium  alloy.  The  remaining  specimens 
were  fabricated  with  part-thru  cracks  originating  from  the  fastener 
holes  as  illustrated  in  the  first  column  of  each  table.  Specimens  hav- 
ing codes  beginning  with  the  letter  "T"  were  exploratory  specimens  and 
were  tested  to  determine  practical  stress  levels  at  which  to  conduct  the 
main  body  of  tests.  Specimens  having  codes  beginning  with  the  letter 
"F"  were  part  of  the  main  body  of  tests.  In  all  but  one  specimen 
(FUCIA-1)  in  the  main  body  of  tests,  holes  No.  1 and  No.  2 contained 
interference  fit  fasteners  installed  using  an  interference  value  midway 
between  the  maximum  and  minimum  interference  levels  for  standard  inter- 
ference installations.  Interference  level  for  hole  No.  3 was  set  at  the 
minimum  level  for  standard  installations  in  the  aluminum  alloy  specimens, 
and  midway  between  the  average  and  maximum  values  for  standard  installa- 
tions in  the  steel  and  titanium  alloy  specimens.  In  aluminum  alloy 
Specimen  FUCIA-1,  interference  values  were  set  at  either  the  maximum 
value  allowed  by  specifications  for  the  Boeing  747  airframe,  or  the 
minimum  allowable  value  for  standard  installations.  Test  results  for 
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thru-cracked  and  part-thru  cracked  specimens  are  presented  and  discussed 
in  the  following  two  subsections. 

Results  for  Thru-Cracked  Specimens 

Results  of  thru-cracked  specimen  tests  are  plotted  on  graphs  of  crack 
dimensions  versus  cycles  in  Figures  119  through  121.  Raw  test  data  are 
included  in  Tables  95,  101  and  106  in  Volume  2 of  this  report. 

Results  were  evaluated  by  comparing  experimentally  determined  lives  to 
calculated  lives.  Two  different  life  calculations  were  made  including 
one  which  accounted  for  and  one  which  ignored  the  effect  of  interference 
fit  fasteners  on  crack  growth  behavior.  The  former  calculation  was 
based  on  methods  of  calculating  stress  intensity  factors  for  cracked 
interference  fit  fastener  holes  described  in  Section  4.0  of  this  report. 
The  latter  calculation  was  made  assuming  that  the  holes  were  filled 
with  close  tolerance  fasteners  and  stress  intensity  factors  were  deter- 
mined using  the  Bowie  solution  {31 ) for  the  unloaded  holes,  and  both 
Bowie's  and  Shah's  solution  {Figure  96)  for  loaded  holes.  Methods  of 
accounting  for  the  effect  of  interference  on  crack  propagation  at  loaded 
holes  were  not  available  so  calculations  accounting  for  interference 
effects  were  confined  to  unloaded  holes.  Experimental  and  calculated 
lives  are  summarized  in  Figure  122.  For  the  aluminum  alloy,  calcula- 
tions that  ignored  interference  effects  greatly  underestimated  crack 
propagation  life  whereas  calculations  that  accounted  for  interference 
effects  were  in  reasonable  good  agreement  with  test  results.  For  the 
steel  alloy,  interference  fit  fasteners  did  not  have  a strong  influence 
on  crack  propagation  life  and  both  calculations  were  in  good  agreement 
with  experimental  results.  For  the  titanium  alloy,  both  methods  of 
calculation  greatly  underestimated  experimental  life. 

In  summary,  interference  fit  fasteners  resulted  in  substantial  improve- 
ments in  crack  propagation  life  for  the  aluminum  and  titanium  alloys, 
but  had  only  a small  influence  on  crack  propagation  lives  for  the  steel 
alloy.  Methods  developed  to  estimate  the  effect  of  interference  on 
crack  propagation  life  indicate  that  effects  should  be  quite  sensitive 
to  initial  crack  length  to  hole  diameter  (c/r)  ratios.  For  very  small 
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c/r  values,  substantial  improvements  in  crack  propagation  life  should 
result  from  the  use  of  interference  fit  fasteners.  For  large  c/r  values, 
interference  fit  fasteners  would  be  expected  to  reduce  crack  propagation 
life.  For  some  intermediate  range  of  c/r  values,  interference  fasteners 
should  have  little  or  no  effect  on  crack  propagation  life.  In  this  pro- 
gram, both  calculations  and  experiment  showed  that  initial  c/r  ratios 
for  the  steel  specimens  were  in  the  range  where  interference  fit  fas- 

t 

teners  would  not  be  expected  to  have  a strong  influence  on  crack  propaga- 
tion life.  For  the  titanium  alloy,  calculations  indicated  that  inter- 
ference fit  fasteners  would  not  be  expected  to  have  a strong  influence 
on  crack  propagation  life  whereas  they  resulted  in  a marked  increase  in 
life.  For  the  aluminum  alloy,  both  calculations  and  experiment  showed  an 
increase  in  crack  propagation  life  due  to  the  interference  fit  fasteners. 
Although  the  results  in  this  program  indicate  that  methods  developed  to 
estimate  crack  propagation  lives  for  cracked  fastener  holes  tend  to  yield 
conservative  results,  more  investigation  is  needed  to  evaluate  this  trend 
for  a wide  range  of  test  conditions. 

Results  for  Part-Thru  Cracked  Specimens 

Results  of  part- thru  cracked  specimen  tests  are  plotted  on  graphs  of 
crack  dimensions  versus  cycles  in  Figures  123  through  139.  Raw  test 
data  are  included  in  Tables  96  and  97  (aluminum  alloy),  102  (steel 
alloy)  and  107  (titanium  alloy)  in  Volume  2 of  this  report. 

Crack  shape  change  characteristics  of  part-thru  cracks  growing  from 
interference  fit  fastener  filled  holes  were  different  from  those  for 
close  tolerance  fastener  filled  holes  for  the  aluminum  and  titanium 
alloys.  This  is  illustrated  in  Figure  114  where  it  is  evident  that 
ratios  of  crack  width  growth  rate  to  crack  depth  growth  were  maximum 
for  cracked  interference  fit  fastener  holes.  This  reflects  the  ability 
of  interference  fit  fasteners  to  retard  crack  depth  growth  more  than 
crack  width  growth.  For  the  steel  alloy,  crack  shape  change  behavior 
was  insensitive  to  all  test  variables  including  fastener  type  and  con- 
dition of  hole. 

The  effect  of  interference  level  on  fatigue  crack  growth  of  part-thru 
fastener  hole  flaws  in  the  221 9-T851  aluminum  alloy  is  illustrated  in 
Figure  140.  The  interference  level  of  0.0024  inch  is  the  minimum 
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permissible  value  for  standard  installations  of  0.375  inch  diameter 
bolts.  The  interference  level  of  0.006  is  slightly  greater  than  the 
maximum  specified  value  of  0.0054  inch  for  standard  installations. 

Crack  propagation  life  increased  by  a factor  of  about  2.5  when  inter- 
ference level  was  increased  from  minimum  to  maximum  values.  Crack  propa- 
gation lives  for  Taper- 1 ok  fastener  filled  holes  ranged  from  2 to  5 
times  comparable  lives  for  open  holes  as  interference  level  was  increased 
from  minimum  to  maximum  values.  The  above  results  are  not  applicable  to 
all  interference  fit  fastener  installations  since  variables  such  as 
crack  size,  crack  shape,  and  hole  diameter  will  influence  results.  In 
general,  it  is  believed  that  increase  in  crack  propagation  life  due  to 
interference  fit  fasteners  will  increase  with  decreasing  crack  size  to 
hole  diameter  ratios  when  interference  to  hole  diameter  ratio  is  kept 
constant. 

Methods  were  not  available  for  computing  stress  intensity  factors  for 
part-thru  cracks  originating  at  interference  fastener  filled  holes. 

Hence,  experimentally  determined  crack  propagation  lives  were  compared 
to  calculated  lives  based  on  stress  intensity  factors  computed  for 
close  tolerance  fastener  filled  holes.  Results  are  summarized  in  Figure 
141  where  ratios  of  actual  to  calculated  life  are  shown  for  specimen 
FUCIA-2,  FUCIS-1 , and  FUCIT-1 . For  the  aluminum  and  titanium  alloy 
specimens,  the  cracked  interference  fit  fastener  holes  yielded  cyclic 
lives  ranging  from  three  to  five  times  the  lives  that  would  have  been 
anticipated  for  comparable  cracked  close  tolerance  fastener  holes.  For 
the  steel  alloy  specimens,  interference  fit  fasteners  had  very  little 
effect  on  crack  propagation  life.  These  results  are  similar  to  those 
obtained  from  the  thru-cracked  specimen  tests  where  all  but  the  steel 
alloy  specimens  yielded  beneficial  effects  of  interference  fit  fasteners 
on  crack  propagation  life.  At  the  present  time,  it  is  not  clear  why  the 
interference  fit  fasteners  in  the  steel  alloy  specimens  did  not  retard 
crack  depth  growth  rate  more  than  observed  in  these  tests. 

5,2.4  Combined  Bending  and  Tension  Tests 

Three  specimens  containing  part-thru  cracks  originating  at  Taper-lok 
filled  fastener  holes  were  tested  under  combined  bending  and  tension 
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stresses.  One  specimen  was  tested  for  each  alloy  including  FBCIA-1  for 
the  aluminum  alloy,  F8CIS-T  for  the  steel  alloy,  and  FBCIT-1  for  the 
titanium  alloy.  Test  details  for  all  three  specimens  are  listed  in 
Table  40.  Raw  test  data  are  included  in  Tables  98,  103  and  108  in 
Volume  2 of  this  report. 

Results  are  plotted  on  graphs  of  crack  depth  versus  crack  width  in  Fig- 
ure 142  along  with  similar  results  for  specimens  tested  under  uniform 
tension  stresses.  The  bending  stresses  resulted  in  larger  ratios  of 
crack  width  growth  to  crack  depth  growth  than  did  the  tensile  stresses. 
Hence,  bending  stresses  do  have  a significant  effect  on  fatigue  crack 
growth  behavior  of  part-thru  fastener  hole  flaws. 

Methods  for  calculating  stress  intensity  factors  for  the  test  specimens 
were  not  available  and  it  was  not  possible  to  quantitatively  evaluate 
the  results.  In  view  of  the  limited  number  of  tests,  no  attempt  was 
made  to  derive  any  "rules  of  thumbs"  for  accounting  for  the  effect 
of  bending  stresses  on  crack  growth  behavior  of  fastener  hole  flaws. 
Quantitative  evaluation  of  bending  stress  effects  will  be  possible  only 
after  considerable  additional  analysis  and  testing. 

5.2.5  Summary 

For  the  2219-T851  aluminum  and  6A1-4V  &A  titanium  alloys,  crack  propaga- 
tion lives  for  open  or  close  tolerance  fastener  filled  conventional  holes 
were  increased  by  the  use  of  either  cold  working  procedures  or  Taper-1  ok 
fasteners  as  shown  in  Figure  113.  For  the  9Ni-4Co-0.2C  steel  alloy,  crack 
propagation  lives  were  increased  by  cold  working  of  fastener  holes 
whereas  Taper-1  ok  fasteners  had  little  or  no  effect. 

Methods  developed  for  calculating  crack  propagation  lives  for  close 
tolerance  fastener  filled  holes  yielded  calculated  lives  that  were  in 
good  agreement  with  experimental  results  for  all  three  test  alloys. 

Methods  developed  for  computing  crack  propagation  lives  for  thru-cracks 
originating  at  interference  fastener  filled  holes  yielded  calculated 
lives  that  were  in  good  agreement  with  experimental  results  for  the 
aluminum  and  steel  alloys,  but  underestimated  experimentally  measured 
lives  for  the  titanium  alloy. 


75 


5.3  Overload  Tests 

Overload  tests  were  conducted  by  repeatedly  subjecting  specimens  con- 
taining cracked  fastener  holes  to  either  of  the  loading  programs  A or  C 
shown  in  Figure  16.  The  number  of  cycles  between  overloads  was  varied 
from  specimen  to  specimen  to  study  effects  of  overload  frequency.  Tests 
were  conducted  on  both  open  and  close  tolerance  fastener  holes  in  either 
the  conventional  or  cold  worked  conditions,  and  on  Taper-1  ok  fastener 
holes.  Both  loaded  and  unloaded  fasteners  were  tested.  Specimen  con- 
figurations were  identical  to  those  used  for  the  constant  cyclic  load 
tests  as  described  in  Section  5.2. 

5.3.1  Conventional  Open  and  Close  Tolerance  Fastener  Filled  Holes 

Thirteen  specimens  containing  open  and  close  tolerance  fastener  filled 
holes  were  tested  including  five  2219-T851  aluminum  alloy  specimens, 
four  9Ni-4Co-0.2C  steel  alloy  specimens  and  four  6A1-4V  gA  titanium 
alloy  specimens.  Test  details  are  listed  in  the  topmost  lines  of 
Tables  41  through  43.  Aluminum  alloy  specimens  contained  one  loaded 
fastener,  one  open  hole,  and  one  surface  flaw.  Steel  and  titanium  alloy 
specimens  contained  one  loaded  close  tolerance  fastener,  one  unloaded 
close  tolerance  fastener,  and  one  open  hole.  Each  hole  contained  a 
part-thru  quarter-circular  crack  located  in  a plane  lying  perpendicular 
to  the  applied  load  as  illustrated  in  the  first  column  of  each  of  the 
tables.  Loading  details,  flaw  dimensions,  and  hole  diameters  are  listed 
in  the  tables.  Raw  data  for  all  specimens  are  listed  in  Tables  109 
through  114  (aluminum  alloy),  124  through  127  (steel  alloy)  and  140 
through  143  (titanium  alloy)  in  Volume  2 of  this  report.  Results  are 
plotted  on  graphs  of  crack  dimensions  versus  cycles  in  Figures  143 
through  158  of  this  report. 

The  most  significant  results  of  the  overload  tests  can  be  summarized  as 
follows:  1)  the  application  of  periodic  tensile  overloads  resulted  in 

increased  crack  propagation  life  for  all  types  of  cracked  fastener  holes 
2)  crack  propagation  life  increased  with  increasing  frequency  of  over- 
loads for  the  range  of  variables  studied  in  these  tests;  3)  tensile 
overloads  resulted  in  large  amounts  of  apparent  crack  growth  during  each 
overload  cycle;  4)  small  compressive  loads  applied  immediately  after 
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tensile  overloads  reduced  the  effectiveness  of  tensile  overloads  in 
increasing  crack  propagation  life, 

5. 3. 1.1  Crack  Growth  During  Overloads 

It  appeared  that  each  tensile  overload  resulted  in  significantly  more 
crack  growth  than  would  be  predicted  on  the  basis  of  uniform  load  crack 
growth  rate  data.  The  fracture  surfaces  of  each  specimen  contained  a 
number  of  regularly  spaced  bands  separated  by  regions  of  fatigue  crack 
growth.  This  is  illustrated  by  photographs  of  the  fracture  surfaces 
for  the  loaded  and  open  holes  in  aluminum  alloy  Specimen  FPOCTA-2  shown 
in  Figure  159.  Specimen  FPOCTA-2  was  subjected  to  five  overloads  includ- 
ing one  at  the  outset  of  the  test  and  one  every  4600  cycles  thereafter. 
Since  the  light  colored  shiny  bands  resulted  from  fatigue  crack  growth 
that  occurred  between  overloads,  it  was  concluded  that  the  width  of  the 
intermediate  dark  bands  represented  crack  growth  that  occurred  during 
the  overloads.  Fracture  surfaces  from  steel  alloy  specimen  FPOCTS-1 
and  titanium  alloy  specimen  FPOCIT-1  are  shown  in  Figures  160  and  161, 
respectively.  Bands  of  apparent  crack  growth  during  overload  were 
readily  observable  on  the  steel  alloy  specimens.  Similar  bands  on  the 
titanium  alloy  fracture  surfaces  could  be  seen  only  when  viewed  through 
polarizing  lenses. 

Apparent  crack  depth  and  crack  width  growth  rates  during  overloads  were 
plotted  against  peak  cyclic  stresses  intensity  factors  in  Figures  162 
through  164.  Baseline  crack  growth  rates  are  plotted  in  each  of  the 
figures  for  comparison.  Crack  growth  rates  during  overloads  lie  one  to 
two  orders  of  magnitude  to  the  right  of  the  baseline  crack  growth  rates 
for  all  alloys.  However,  peak  overload  stress  intensity  factors  were 
large  precentages  of  the  fracture  toughness  values  for  all  alloys  and 
ma,ny  of  the  overload  stress  intensity  factors  were  greater  than  values 
used  to  generate  baseline  crack  growth  rates.  Both  of  these  situations 
may  have  contributed  to  the  differences  between  baseline  and  overload 
crack  growth  rate  data.  Nevertheless,  these  tests  provided  strong  evi- 
dence that  crack  growth  rates  during  overloads  can  be  significantly 
greater  than  indicated  by  baseline  crack  growth  rate  data. 
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The  only  available  crack  growth  theory  that  predicts  accelerated  crack 
growth  rates  during  overloads  is  crack  closure  theory.  As  discussed  in 
Section  3. 3. 1.1  of  this  report,  crack  closure  theory  alone  cannot 
explain  the  large  overload  crack  growth  rates  observed  in  these  tests. 

5. 3, 1.2  Retardation  Effects 

Since  no  instrumentation  was  used,  results  of  overload  tests  of  cracked 
fastener  hole  specimens  could  not  be  subjected  to  as  detailed  an  evalua- 
tion as  was  possible  for  the  instrumented  surface  flaw  overload  tests. 
However,  results  for  cracked  fastener  hole  tests  were  qualitatively  sim- 
ilar to  those  for  the  surface  flaw  overload  tests  in  that,  for  constant 
peak  cyclic  stress  between  overloads,  crack  propagation  life  increased 
with  increase  in  both  peak  overload  stress  and  overload  frequency. 

Effects  of  peak  overload  stress  are  illustrated  in  Figure  165  where 
crack  depth  is  plotted  against  loading  cycles  for  part-thru  cracks 
originating  at  loaded  close  tolerance  fastener  holes.  Results  for  filled 
and  open  holes  were  similar  to  those  illustrated  in  Figure  165.  Effect 
of  overload  frequency  are  illustrated  in  Figures  143  through  158. 
Regardless  of  test  conditions,  crack  propagation  life  increased  with 
increase  in  overload  frequency. 

Two  tests  were  conducted  in  which  each  tensile  overload  was  followed 
immediately  by  a small  negative  load  prior  to  initiation  of  constant 
load  cycling.  Results  from  aluminum  alloy  Specimen  FPOCTA-2  and  tita- 
nium alloy  Specimen  FPOCTT-3  are  illustrated  in  Figures  143,  144,  153, 

154  and  155.  These  figures  also  contain  data  for  specimens  tested  with- 
out negative  overloads.  The  effect  of  the  negative  loads  was  to  decrease 
crack  propagation  life.  The  decrease  was  small  for  the  loaded  and  open 
holes  in  the  aluminum  alloy  specimen  and  for  the  filled  and  open  holes 
in  the  titanium  alloy  specimen.  The  decrease  was  substantial  for  the 
loaded  fastener  hole  in  the  titanium  alloy  specimen.  It  was  not  possible 
to  quantitatively  evaluate  the  effects  of  negative  loads  on  the  fatigue 
crack  propagation  behavior  of  cracked  fastener  holes  since  there  are  no 
existing  methods  for  calculating  crack  propagation  lives  that  account 
for  negative  load  effects.  Since  the  effects  of  negative  loads  on 
crack  propagation  life  are  detrimental,  more  effort  should  be  directed 
to  the  understanding  of  such  effects. 
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Crack  propagation  lives  were  compared  to  calculated  lives  obtained  using 
stress  intensity  factors  from  Section  4,0  of  this  report,  Wheeler's  pro- 
cedure for  estimating  effects  of  overloads  on  oack  growth  rates  (see 
Section  3. 3. 1.2),  and  baseline  crack  growth  rate  data.  No  calculations 
were  made  for  specimens  subjected  to  negative  loads. 

The  calculations  showed  that  when  an  exponent  of  m=2  was  used  in  Equation 
10,  very  good  agreement  was  obtained  between  experimental  and  calculated 
lives  for  all  three  alloys.  This  is  illustrated  in  Figure  166  where 
ratios  of  calculated  to  experimental  life  are  plotted  for  each  of  the 
fastener  holes  in  all  test  specimens.  The  ratios  range  from  a low  of  0.6 
to  a high  of  1.25.  For  the  aluminum  and  titanium  alloys,  calculations 
tend  to  underestimate  lives  for  loaded  fastener  and  overestimate  lives 
for  open  holes.  This  result  is  similar  to  that  obtained  for  constant 
cyclic  load  specimens.  It  appears  that  the  analyses  presented  in  Section 
4.0  slightly  overestimated  stress  intensity  factors  for  the  loaded  fasten- 
ers in  the  aluminum  and  titanium  alloy  specimens.  For  the  steel  alloy, 
agreement  between  calculated  and  experimental  lives  was  excellent  for  all 
specimens . 

The  tendency  for  increasing  values  of  Wheeler's  exponent  m with  increas- 
ing crack  depth  to  thickness  ratios  noted  in  the  surface  flaw  tests  could 
not  be  detected  in  the  fastener  hole  flaw  tests.  Moreover,  the  value  of 
m=2  that  led  to  good  agreement  between  calculated  and  experimental 
fastener  hole  flaw  results  was  significantly  greater  than  most  of  the  m 
values  resulting  from  surface  flaw  tests.  Values  of  m=2  were  obtained 
only  from  tests  of  deep  surface  flaws  when  the  ligament  between  flaw  tip 
and  back  specimen  face  was  entirely  yielded.  The  fastener  hole  flaws 
existed  in  regions  of  very  high  stress  adjacent  to  the  fastener  holes  and 
some  yielding  very  likely  took  place  in  most  tests.  This  situation  may 
explain,  in  part,  why  fastener  hole  flaws  reacted  to  overloads  in  a manner 
similar  to  that  for  deep  surface  flaws. 

Finally,  one  situation  that  led  to  crack  growth  retardation  in  the  program 
was  the  application  of  torque  while  installing  the  unloaded  close  tolerance 
fastener  in  titanium  alloy  specimen  F0CTT-1.  Rather  than  being  installed 
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finger  tight,  the  bolt  was  torqued  to  150  in-lb.  As  a result,  both  crack 
depth  and  crack  width  growth  were  more  than  an  order  of  magnitude  slower 
than  values  observed  for  cracked  holes  containing  finger  tight  bolts. 

5.3.2  Cold  Worked  Open  and  Fastener  Filled  Holes 

Three  specimens  containing  part-thru  cracks  originating  at  cold  worked 
fastener  holes  were  tested.  One  specimen  was  tested  for  each  alloy 
including  aluminum  alloy  specimen  FOCCA-1 , steel  alloy  specimen  F0CCS-1, 
and  titanium  alloy  specimen  F0CCT-1 . Each  specimen  contained  one  high 
expansion  hole  containing  a loaded  close  tolerance  fastener,  one  high 
expansion  hole  filled  with  an  unloaded  close  tolerance  fastener,  and  one 
open  hole  for  which  the  amount  of  cold  expansion  was  reduced  by  25  per- 
cent. Test  details  for  each  of  the  three  specimens  are  listed  in  Tables 
41  through  43.  Raw  data  are  included  in  Tables  114,  128  and  144  in 
Volume  2 of  this  report. 

Crack  growth  characteristics  of  overloaded  cold  worked  hole  specimens  were 
the  same  as  previously  noted  for  the  constant  load  cold  worked  hole  speci- 
mens. Crack  depth  growth  proceeded  at  a considerably  faster  rate  than 
did  crack  width  growth  and  crack  depth  growth  was  accentuated  along  the 
wall  of  the  hole  as  illustrated  in  Figure  116. 

Crack  propagation  life  for  each  crack  in  the  overloaded  cold  worked  hole 
specimens  was  compared  to  calculated  life  for  a geometrically  identical 
cracked  conventional  fastener  hole.  The  conventional  hole  was  assumed  to 
be  subjected  to  only  the  constant  cyclic  load  portion  of  the  overload  test 
program,  i.e.,  overload  effects  were  ignored.  A similar  comparison  was 
previously  made  for  the  constant  cyclic  load  cold  worked  hole  specimens. 
Results  of  both  sets  of  calculations  are  summarized  in  Figure  118.  In 
five  of  the  eight  tests  for  which  direct  comparison  can  be  made,  overloads 
reduced  the  beneficial  effects  of  cold  working  on  crack  propagation  life. 
In  two  tests,  crack  propagation  life  was  increased  by  the  overloads.  In 
one  test,  the  overload  had  no  effect  whatsoever  on  crack  propagation  life. 
For  the  loaded  fastener  in  the  aluminum  alloy  overload  specimen,  crack 
propagation  was  almost  totally  retarded  and  the  overload  appeared  to  have 
a strong  beneficial  effect  on  crack  propagation  life.  A twenty- five 
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percent  reduction  in  cold  expansion  resulted  in  decreases  in  crack 
propagation  life  of  about  20  and  5Q  percent  for  the  steel  and  titanium 
alloys,  but  appeared  to  increase  crack  propagation  life  for  the  aluminum 
alloy. 

The  overload  ratios  of  1.4  for  the  aluminum  and  1.5  for  the  steel  and 
titanium  alloy  specimens  were  not  very  large.  Previous  results  for  over- 
load tests  of  cracked  conventional  fastener  holes  indicated  that  overloads 
to  less  than  1.5  times  the  subsequent  peak  cyclic  stress  do  not  have  a 
very  large  effect  on  crack  propagation  life.  Hence,  the  tendency  for  the 
overloads  to  decrease  crack  propagation  life  for  cracked  cold  worked 
fastener  holes  may  not  be  very  significant.  Nevertheless,  more  investi- 
gation is  required  for  higher  overload  ratios  to  determine  whether  or  not 
overloads  can  be  detrimental  to  crack  propagation  lives  for  cold  worked 
fastener  holes.  Since  methods  of  calculating  stress  intensity  factors 
for  cracks  originating  at  cold  worked  fastener  holes  are  not  available, 
it  is  not  possible  to  predict  effects  of  overloads  on  crack  propagation 
lives  for  cold  worked  holes  under  conditions  other  than  those  tested  in 
this  program. 

5.3.3  Interference  Fit  Fastener  Tests 

Test  parameters  for  each  of  twenty-two  test  specimens  containing  inter- 
ference fit  fasteners  are  listed  in  Tables  41,  42,  and  43  for  the 
aluminum,  steel,  and  titanium  alloys,  respectively.  Two  specimens  con- 
taining uniform  thru  cracks  were  tested  for  each  alloy.  Test  details 
are  listed  at  the  bottom  of  the  first  page  of  each  table.  The  remaining 
specimens  were  fabricated  with  part-thru  cracks  originating  from  the 
fastener  holes  as  illustrated  in  the  first  column  of  each  table.  Test 
details  are  summarized  in  the  upper  parts  of  the  second  page  of  each 
table.  Holes  1 and  2 in  each  specimen  contained  Taper-lok  fasteners 
installed  using  interference  levels  midway  between  the  maximum  and  mini- 
mum values  for  standard  installations.  Hole  No.  3 was  either  filled 
with  a Taper-lok  bolt  installed  using  a second  interference  level,  or 
was  cold  worked,  reamed,  and  left  unfilled. 
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Results  for  Thru-Cracked  Specimens 

Results  of  thru-cracked  specimen  tests  are  plotted  on  graphs  of  crack 
length  versus  cycles  in  Figures  119,  120,  and  121  for  the  aluminum,  steel, 
and  titanium  alloy  specimens,  respectively.  Results  for  the  loaded  and 
unloaded  fasteners  are  plotted  separately  in  the  upper  and  lower  graphs 
of  each  figure.  Raw  test  data  are  listed  in  Tables  117  and  118  (aluminum 
alloy),  132  and  133  (steel  alloy),  and  147  and  148  (titanium  alloy)  in 
Volume  2 of  this  report. 

Overloads  resulted  in  considerably  more  crack  growth  than  would  be  pre- 
dicted on  the  basis  of  uniform  load  crack  growth  rate  data.  Results  were 
similar  to  those  for  close  tolerance  fastener  filled  holes  where  crack 
growth  during  overloads  was  about  two  orders  of  magnitude  greater  than 
the  baseline  crack  growth  rates  corresponding  to  the  overload  cycles. 

Ratios  of  experimental  to  calculated  life  were  determined  and  plotted  in 
Figure  167.  For  the  aluminum  alloy,  two  different  methods  of  calculation 
were  used.  One  method  accounted  for  the  effects  of  both  interference  and 
overloads  on  crack  propagation  behavior.  This  was  accomplished  by  using 
stress  intensity  factors  for  interference  fit  fastener  filled  holes  and 
the  Wheeler  method  to  account  for  overload  effects.  An  exponent  of  m=2 
was  used  in  the  Wheeler  formula  (Equation  10).  The  second  method  ignored 
interference  effects  but  accounted  for  overload  effects.  This  was  done 
by  using  stress  intensity  factors  for  close  tolerance  fastener  filled 
holes  and  the  Wheeler  method  to  account  for  overloads.  For  the  steel  and 
titanium  alloys,  only  the  latter  method  of  calculation  was  used.  Figure 
167  shows  that,  for  the  aluminum  and  titanium  alloys,  calculations  that 
did  not  account  for  the  effects  of  interference  yielded  lives  that  ranged 
from  1/5  to  1/30  of  the  experimental  lives.  This  result  means  that  the 
Taper-lok  fasteners  increased  lives  by  factors  ranging  from  5 to  30.  For 
the  steel  alloy  specimens,  Taper-lok  fasteners  increased  lives  by  factors 
ranging  from  1.4  to  2.3.  Hence,  Taper-lok  fasteners  were  not  as  effective 
in  the  steel  alloy  as  in  the  aluminum  and  titanium  alloys.  It  is  not 
clear  at  this  time  whether  or  not  this  result  might  be  peculiar  to  the 
particular  conditions  tested  in  this  program.  Calculation  methods  that 
did  account  for  effects  of  interference  in  the  aluminum  alloy  specimens 
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yielded  calculated  lives  that  ranged  from  50  to  90%  of  the  experimental 
lives.  Hence,  methods  developed  to  account  for  interference  effects  or 
crack  propagation  from  interference  fit  fastener  holes  were  very  effec- 
tive for  the  limited  situations  in  which  they  were  evaluated. 

Results  for  Part-Thru  Cracked  Specimens 

Results  of  part-thru  cracked  specimen  tests  are  plotted  on  graphs  of 
crack  dimensions  versus  cycles  in  Figures  123  through  139. 

Crack  growth  results  for  part-thru  cracks  originating  at  Taper-lok 
fastener  holes  are  not  evaluated  quantitatively  since  methods  for  esti- 
mating crack  propagation  life  for  such  situations  are  not  available. 
Qualitatively,  test  results  are  similar  to  those  for  part-thru  cracks 
originating  at  close  tolerance  fastener  filled  holes  as  described  below: 

(1)  Overloads  resulted  in  bands  of  apparent  crack  growth  that  were 
visible  to  the  naked  eye..  It  was  not  possible  to  compare  base- 
line and  overload  crack  growth  rates  since  stress  intensity 
factors  for  the  cracked  interference  fit  fastener  holes  were 
not  available. 

(2)  Cyclic  lives  increased  with  increase  in  peak  overload  stress 
for  constant  peak  cyclic  stress.  This  is  illustrated  in  Figure 
168  where  the  effect  of  overload  magnitude  on  cyclic  life  is 
illustrated  for  loaded  fastener  tests  in  each  of  the  three 
alloys.  The  effect  of  peak  overload  stress  in  the  titanium 
alloy  tests  was  very  pronounced.  Overloads  to  1.5  times  the 
subsequent  peak  cyclic  stress  had  only  a small  retarding  effect 
on  crack  growth  rates  whereas  overload  to  1.75  times  the  peak 
cyclic  stress  had  a very  strong  retarding  effect.  For  the 
aluminum  and  steel  alloys,  the  increase  in  cyclic  life  with 
increase  in  peak  overload  was  more  gradual  than  for  the  titanium 
alloy. 
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(3)  With  some  exceptions,  cyclic  life  increased  with  increase  in 
overload  frequency  over  the  range  of  frequencies  used  in  these 
tests.  This  result  is  illustrated  in  Figures  123  through  139 
where  each  figure  contains  crack  growth  data  for  a single  peak 
overload  stress  and  several  overload  frequencies.  One  exception 
to  this  result  occurred  in  each  of  the  aluminum,  steel  and 
titanium  alloy  tests.  For  the  aluminum  alloy,  a decrease  in 
period  of  1.5X  overloads  from  21,480  to  8,000  cycles  resulted 

in  a decrease  in  cyclic  life  as  shown  in  Figure  127.  For  the 
steel  alloy,  a decrease  in  period  of  1.75X  overloads  from  8850 
to  5450  cycles  resulted  in  a small  decrease  in  crack  propagation 
life  as  shown  in  Figure  130.  Several  factors  probably  contributed 
to  these  exceptions  from  the  general  trend  of  results  including 
small  differences  in  initial  crack  size,  and  data  scatter.  For 
the  titanium  alloy,  a decrease  in  period  of  1 .5X  overloads  from 
15,000  to  7,500  cycles  resulted  in  a small  decrease  in  crack 
propagation  life  as  shown  in  Figure  137.  Since  1 .5X  overloads 
had  only  small  retarding  effects  on  titanium  alloy  crack  growth 
rates,  moderate  changes  in  overload  period  would  not  be  expected 
to  result  in  large  differences  in  crack  propagation  life.  Changes 
in  life  due  to  data  scatter  may  have  dominated  the  1.5X  overload 
titanium  alloy  results  in  this  program. 

(4)  Small  negative  loads  applied  immediately  after  tensile  overloads 
tended  to  reduce  the  retarding  effect  of  the  overload  on  sub- 
sequent crack  growth  rates  in  the  aluminum  and  steel  alloys. 

This  result  is  illustrated  in  Figures  126  and  130  where  it  is 
evident  that  crack  propagation  lives  were  reduced  by  the  negative 
loads.  The  reduction  appears  large  in  the  aluminum  alloy  tests 
because  of  substantial  differences  in  initial  crack  sizes  in 

the  test  specimens.  If  the  effect  of  initial  crack  size  is 
accounted  for,  the  effect  of  the  negative  loads  is  small 
as  was  the  case  for  the  steel  alloy  specimens.  For  the 
titanium  alloy  tests  (Figure  137)  negative  loads  appeared  to 
increase  crack  propagation  life.  However,  the  crack  growth 
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retarding  effects  of  the  1.5X  overloads  were  so  small  that  this 
result  cannot  be  considered  meaningful, 

Test  results  for  part-thru  cracks  originating  at  Taper-lok  fastener  holes 
were  not  quantitatively  evaluated  due  to  the  lack  of  applicable  stress 
intensity  factors.  It  was  previously  shown  in  Figure  122  that  Taper-lok 
fasteners  increased  crack  propagation  lives  under  constant  cyclic  load 
conditions  by  factors  ranging  from  3 to  5 for  the  aluminum  and  titanium 
alloys  but  had  very  little  effect  on  crack  propagation  life  for  steel  alloy. 
The  effects  of  overloads  on  both  close  tolerance  and  Taper-lok  fastener 
filled  holes  seemed  to  be  approximately  equivalent  and  so  it  appears  that 
the  effects  of  Taper-lok  fasteners  on  crack  propagation  life  were  about 
the  same  as  noted  above  for  the  constant  load  tests. 

Only  one  static  fracture  resulted  in  all  of  the  Taper-lok  fastener  cyclic 
tests  conducted  in  this  program.  Aluminum  alloy  specimen  FPOCIA-1  failed 
during  the  application  of  the  eighth  overload  at  a peak  stress  level  of 
39.5  ksi.  At  the  time  of  failure,  the  part-thru  crack  had  grown  to  a 
depth  of  0.317  inch  and  length  of  0.456  inch  and  a 0.114  inch  uniform  thru 
crack  had  originated  and  grown  from  the  opposite  side  of  the  hole.  If  the 
fastener  hole  had  been  filled  with  a close  tolerance  fastener  and  the  thru 
crack  had  not  originated  at  the  opposite  side  of  the  hole,  the  calculated 
stress  intensity  factor  at  the  time  of  failure  would  have  been  48  ksi/irT. 
Since  this  is  a reasonable  value  of  fracture  toughness  for  the  2219-T851 
plate,  it  appears  that  the  Taper-lok  fastener  did  not  have  a large  effect 
on  fracture  strength  in  the  cited  test. 

5.3.4  Summary 

Overload  tests  were  conducted  on  2219-T851  aluminum,  9N1-4CO-0.2C  steel, 
and  6A1-4V  bA  titanium  alloy  specimens  containing  quarter-circular  part-thru 
fastener  hole  flaws  originating  at  close  tolerance  fasteners,  Taper-lok 
fasteners,  and  cold  worked  holes.  In  addition,  specimens  containing 
uniform  thru  cracks  originating  at  Taper-lok  fastener  filled  holes  were 
tested.  In  all  specimens,  overloads  resulted  in  large  amounts  of 
apparent  crack  growth.  For  the  close  tolerance  and  thru-cracked  Taper-lok 
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fastener  holes,  apparent  crack  qrowth  rates  during  overloads  were  about 
twc  orders  of  magnitude  greater  than  corresponding  baseline  crack  growth 
rates.  Results  for  the  cold  worked  and  part-thru  cracked  Taper-lok 
fastener  holes  could  not  be  quantitatively  evaluated  but  appeared  similar 
to  those  for  the  close  tolerance  fastener  hole  tests. 

Periodic  tensile  overloads  havina  peak  stresses  greater  than  about  1.5 
times  the  intermediate  peak  cyclic  stress  resulted  in  increased  crack 
propagation  life  for  all  but  the  cold  worked  fastener  holes.  For  cold 
worked  fastener  holes,  peak  overload  stresses  ranginq  from  1.4  to  1,5 
times  the  subsequent  peak  cyclic  stress  appeared  to  have  a slight  tendency 
to  decrease  crack  propagation  life.  Crack  propagation  life  tended  to 
increase  with  increasing  overload  frequency  for  the  close  tolerance  and 
Taper-lok  fastener  holes.  Overload  frequency  effects  were  not  evaluated 
for  cold  worked  holes.  There  were  some  exceptions  to  the  above  observa- 
tion for  low  overload  ratios.  It  was  also  observed  that  small  negative 
loads  applied  immediately  after  the  tensile  overloads  had  a tendency  to 
reduce  crack  propagation  life. 

Good  agreement  between  experimental  and  calculated  crack  propagation  lives 
for  close  tolerance  fastener  and  thru-cracked  Taper-lok  fastener  filled 
holes  was  obtained.  For  aluminum  and  titanium  part-thru  fastener  hole 
flaw  specimens,  Taper-lok  fasteners  resulted  in  crack  propagation  lives 
that  ranged  from  3 to  5 times  calculated  lives  for  comparable  close 
tolerance  fastener  holes.  Similar  ratios  ranged  from  6 to  19  for  cold 
worked  fastener  holes.  For  aluminum  and  titanium  thru  cracked  specimens, 
Taper-lok  fasteners  resulted  in  crack  propagation  lives  ranging  from  5 
to  30  times  calculated  lives  for  comparable  close  tolerance  fastener 
holes.  For  steel  alloy  part-thru  crack  specimens,  crack  propagation 
lives  for  Taper-lok  fastener  holes  ranged  from  0.9  to  1.2  times  calculated 
lives  for  comparable  close  tolerance  fastener  holes.  Similar  ratios 
ranged  from  5 to  10  for  cold  worked  holes  and  from  1.4  to  2.3  for  thru- 
cracked  Taper-lok  fastener  noles.  It  was  evident  that  Taper-lok  fasteners 
were  more  effective  in  increasing  crack  propagation  life  in  aluminum  and 
titanium  alloy  specimens  than  in  steel  alloy  specimens.  It  is  not  known 
whether  or  not  this  result  is  peculiar  to  the  particular  combinations  of 
variables  used  in  these  tests. 
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5.4 


Spectrum  Load  Tests 


Spectrum  load  tests  were  conducted  by  subjecting  specimens  containing 
precracked  fastener  holes  to  spectrum  loadings  representative  of  either 
bomber  or  fighter  loadings.  Precracks  consisted  of  part-thru  quarter- 
circular  cracks  having  initial  depths  of  about  one-third  the  specimen 
thickness.  Some  tests  were  conducted  on  conventional  reamed  holes  that 
were  either  open  or  filled  with  loaded  and  unloaded  close  tolerance 
fasteners.  Other  tests  were  conducted  on  taper  reamed  holes  filled 
with  either  loaded  or  unloaded  Taper-lok  fasteners.  A few  tests  were 
conducted  on  open  cold  worked  holes.  Specimen  configurations  for  all 
specimens  except  those  having  codes  beginning  with  the  letters  "FV"  were 
the  same  as  previously  described  for  constant  cyclic  load  tests  in 
Section  5.2.  Specimen  configuration  for  the  specimens  having  codes 
beginning  with  the  letters  "FV"  is  shown  in  Figure  7. 

5.4.1  Conventional  Open  and  Close  Tolerance  Fastener  Filled  Holes 

Nine  specimens  containing  open  and  close  tolerance  fastener  filled  holes 
were  tested  including  three  specimens  for  each  of  the  aluminum,  steel, 
and  titanium  alloys.  Test  details  for  each  of  the  specimens  are  listed 
in  the  upper  rows  of  Tables  44,  45,  and  46.  Raw  crack  propagation  data 
for  each  flaw  are  listed  in  Tables  155  through  157  (aluminum  alloy), 

164  through  166  (steel  alloy),  and  171  through  173  (titanium  alloy)  in 
Volume  2 of  this  report.  Results  are  plotted  on  graphs  of  crack  dimen- 
sion versus  number  of  spectra  in  Figure  169  through  177. 

Test  results  were  very  consistent  from  alloy  to  alloy  with  few  exceptions. 
In  all  but  one  specimen,  crack  growth  rates  increased  monotonically  with 
increase  in  crack  size.  Cracks  originating  at  loaded  fastener  holes  grew 
faster  than  did  cracks  originating  at  unloaded  fastener  holes,  and  there 
was  essentially  no  difference  in  crack  propagation  behavior  between  open 
and  unloaded  filled  holes. 

Exceptions  to  the  above  trends  were  noted  in  aluminum  alloy  specimen 
FSCTA-2  tested  under  the  fighter  spectrum.  As  shown  in  Figure  170, 
crack  propagation  rates  in  FSCTA-2  decreased  with  increasing  crack  size. 
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This  result  was  more  pronounced  for  the  loaded  fastener  hole  than  for  the 
open  hole  and  is  similar  to  that  previously  noted  in  the  surface  flaw 
tests  where  crack  growth  retardation  effects  of  overloads  increased  with 
increasing  crack  depth.  This  behavior  could  reflect  an  increase  in  crack 
growth  retardation  effects  due  to  overloads  with  increase  in  local  yield- 
ing in  the  vicinity  of  the  crack.  This  possibility  is  speculative  at  this 
time  and  applicable  only  to  the  aluminum  alloy.  It  was  also  observed  that 
differences  in  crack  propagation  lives  between  the  bomber  and  fighter 
spectrum  were  more  pronounced  for  the  steel  alloy  than  for  either  of  the 
aluminum  or  titanium  alloys.  This  result  indicates  that  crack  growth 
behavior  under  spectrum  loading  may  be  alloy  dependent. 

An  analysis  was  undertaken  to  determine  if  reasonable  estimates  of  crack 
propagation  life  for  part-thru  cracks  originating  at  fastener  holes  could 
be  based  on  stress  intensity  factors  derived  in  Section  4.0  of  this  report, 
baseline  crack  growth  rates,  and  a simple  model  to  account  for  crack 
growth  retardation  effects  due  to  overloads.  Initial  calculations  were 
based  on  linear  cumulative  damage  theory.  Stress  intensity  factors  were 
calculated  as  described  in  Sections  4.2.1  and  4.2.2  of  this  report.  Ratios 
of  experimental  to  calculated  life  are  plotted  for  each  flaw  in  Figure  178. 
For  the  bomber  spectrum,  life  ratios  ranged  between  0.6  and  1.1  with  an 
average  value  of  0.8.  For  the  fighter  spectrum,  life  ratios  ranged  from 
1.5  to  5.2  and  averaged  3.8.  Incorporation  of  simple  overload  models  in 
the  calculations  would  have  increased  calculated  life  for  all  flaws  and 
lowered  all  ratios  of  experimental  to  calculated  life.  Hence,  the 
agreement  between  experiment  and  calculation  would  have  been  improved 
for  the  fighter  spectrum  tests  and  degraded  for  the  bomber  spectrum  tests. 
Apparently,  factors  other  than  first  order  retardation  effects  must  be 
accounted  for  in  crack  propagation  calculations  to  improve  overall  agree- 
ment between  actual  and  calculated  lives  for  the  spectra  tested  in  this 
program. 

5.4.2  Cold  Worked  Open  Holes 

Nine  specimens  each  containing  one  precracked  high  expansion  cold  worked 
hole  were  tested  including  three  aluminum  alloy  specimens,  two  steel  alloy 
specimens,  and  four  titanium  alloy  specimens.  Test  details  for  each  cold 
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worked  hole  are  listed  in  Tables  44,  45,  and  46  for  the  aluminum,  steel, 
and  titanium  alloys,  respectively.  Specimens  having  codes  beginning  with 
the  letters  "FS"  were  configured  as  shown  in  Figure  110  and  each  con- 
tained one  open  cold  worked  hole.  Specimens  having  codes  beginning  with 
the  letters  "FV"  were  configured  as  shown  in  Figure  7 and  contained  one 
loaded  close  tolerance  fastener  in  a cold  worked  hole.  Raw  crack  propa- 
gation data  are  contained  in  Tables  158  through  160  {aluminum  alloy). 
Tables  167  and  168  (steel  alloy),  and  Tables  174  through  177  (titanium 
alloy)  in  Volume  2 of  this  report.  Results  are  plotted  on  graphs  of 
crack  dimensions  versus  number  of  spectra  in  Figures  179  through  187. 

Spectrum  load  crack  growth  characteristics  for  cold  worked  holes  were 
similar  to  those  for  constant  cyclic  load  tests.  Crack  growth  rates 
were  considerably  slower  than  were  rates  for  cracked  conventional  holes, 
and  crack  depth  growth  was  accentuated  along  the  face  of  the  hole  as 
illustrated  in  Figure  116. 

Crack  depth  growth  rates  for  cold  worked  holes  were  roughly  equivalent  to 
crack  depth  growth  rates  for  unloaded  Taper-1  ok  fasteners.  The  Taper-1  ok 
fasteners  were  installed  using  interference  levels  midway  between  the 
maximum  and  minimum  values  for  standard  installations.  In  the  aluminum 
alloy,  crack  depth  growth  rates  for  the  cold  worked  holes  tended  to  be 
moderately  faster  than  rates  for  the  average  interference  Taper-lok 
fastener  holes  as  seen  in  Figures  179  and  180.  In  the  steel  alloy 
specimens,  crack  depth  growth  rates  for  the  cold  worked  holes  were 
slightly  slower  under  the  bomber  spectrum  and  considerably  slower  under 
the  fighter  spectrum  than  were  comparable  rates  for  the  Taper-lok  fastener 
holes.  In  the  titanium  alloy  specimens,  agreement  between  crack  depth 
growth  rates  for  cold  worked  and  unloaded  Taper-lok  fastener  holes  were 
good  in  all  specimens.  Crack  width  growth  rates  for  cold  worked  holes 
were  consistently  slower  than  were  crack  width  growth  rates  for  the 
Taper-lok  bolt  holes . 

Comparisons  of  crack  growth  behavior  for  open  cold  worked  holes,  loaded 
Taper-lok  fasteners,  and  loaded  close  tolerance  fasteners  under  the  bomber 
spectrum  are  shown  in  Figures  188,  189  and  190.  Quantitative  comparisons 
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between  crack  propagation  life  for  cold  worked  holes  and  loaded  fastener 
holes  could  not  be  made  since  only  small  amounts  of  crack  growth  had 
occurred  at  the  cold  worked  holes  by  the  time  the  crack  propagation  life 
of  the  loaded  Taper-lok  hole  in  the  same  specimen  had  been  exhausted. 

It  was  evident  that  cold  working  of  fastener  holes  was  considerably  more 
effective  in  increasing  crack  propagation  lives  of  cracked  fastener  holes 
than  were  Taper-lok  fasteners  installed  to  an  average  interference  level 
for  standard  installations. 

5.4.3  Interference  Fit  Fastener  Tests 

Nine  specimens  containing  loaded  and  unloaded  precracked  Taper-lok 
fastener  holes  were  tested  including  three  aluminum  alloy  specimens, 
two  steel  alloy  specimens,  and  four  titanium  alloy  specimens.  Test 
details  for  each  Taper-lok  fastener  hole  are  listed  in  Tables  44,  45  and 
46  for  the  aluminum,  steel  and  titanium  alloys,  respectively.  Specimens 
having  codes  beginning  with  the  letters  "FS"  were  configured  as  shown  in 
Figure  110  and  each  contained  one  loaded  and  one  unloaded  fastener. 
Specimens  having  codes  beginning  with  the  letters  "FV"  were  configured 
as  shown  in  Figure  7 and  each  contained  one  loaded  Taper-lok  fastener. 

Raw  crack  propagation  data  are  contained  in  Tables  161  through  163 
(aluminum  alloy),  Tables  169  and  170  (steel  alloy)  and  Tables  178  through 
181  (titanium  alloy)  in  Volume  2 of  this  report.  Results  are  plotted  on 
graphs  of  crack  dimensions  versus  number  of  spectra  in  Figures  179 
through  187. 

The  effect  of  load  transfer  on  crack  propagation  behavior  was  variable. 

In  the  aluminum  alloy,  ratios  of  unloaded  to  loaded  fastener  crack  propa- 
gation lives  were  2:1  for  the  bomber  spectrum  and  4:1  for  the  fighter 
spectrum  in  the  presence  of  peak  cyclic  bolt  loads  equal  to  about  202  of 
the  ultimate  bolt  load.  In  the  steel  alloy,  ratios  of  unloaded  to  loaded 
fastener  hole  lives  were  4:1  for  both  the  bomber  and  fighter  spectrum  in 
the  presence  of  peak  cyclic  bolt  loads  equal  to  about  30%  of  the  ultimate 
bolt  load.  For  the  titanium  alloy,  the  ratio  of  unloaded  to  loaded 
fastener  lives  were  about  0.7  and  1.4  for  the  bomber  spectrum  and  peak 
cyclic  bolt  loads  equal  to  about  40%  of  the  ultimate  bolt  load,  and  1.0 
for  the  fighter  spectrum  and  peak  cyclic  bolt  loads  equal  to  50%  of  the 
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ultimate  bolt  load.  Reasons  for  the  life  ratio  less  than  1.0  for  the 
titanium  bomber  spectrum  tests  could  not  be  determined.  In  summary,  these 
tests  indicate  that  load  transfer  can  have  a significant  effect  on  crack 
propagation  life  for  Taper-lok  filled  fastener  holes.  In  the  aluminum 
alloy,  the  effect  of  load  transfer  on  crack  propagation  life  varied  with 
loading  spectrum.  In  the  titanium  alloy,  considerable  variations  in  load 
transfer  effects  were  obtained.  Reasons  for  these  variations  could  not  be 
determined. 

Comparisons  of  crack  growth  behavior  for  loaded  Taper-lok  fasteners, 
loaded  close  tolerance  fasteners,  and  open  cold  worked  holes  under  the 
bomber  spectrum  are  shown  in  Figures  188,  189,  and  190  for  the  aluminum, 
steel,  and  titanium  alloys,  respectively.  For  the  loaded  fastener  holes, 
ratios  of  crack  propagation  life  for  Taper-lok  fastener  holes  to  life 
for  close  tolerance  fastener  holes  were  2.7  and  1.9  for  the  aluminum 
alloy  bomber  and  fighter  spectrum  tests,  1.2  and  1.4  for  the  steel  alloy 
bomber  and  fighter  spectrum  tests,  and  1.3  and  1.1  for  the  titanium  alloy 
bomber  and  fighter  spectrum  tests.  The  ratios  were  fairly  insensitive 
to  loading  spectrum  and  were  considerably  lower  for  the  steel  and 
titanium  alloys  than  for  the  aluminum  alloy.  These  ratios  are  less  than 
comparable  constant  cyclic  load  test  ratios  of  5.2,  1.4  and  4.7  for  the 
aluminum,  steel  and  titanium  alloys , respectively.  Hence,  Taper-lok 
fasteners  were  less  effective  in  retarding  crack  growth  rates  under  spec- 
trum loadings  than  under  constant  cyclic  loadings,  particularly  for  the 
aluminum  and  titanium  alloys.  As  mentioned  previously,  Taper-lok  fasteners 
were  also  less  effective  in  retarding  growth  rates  of  fastener  hole  flaws 
than  was  cold  working  of  fastener  holes. 
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6.0  OBSERVATIONS  AND  CONCLUSIONS 


6.1  Surface  Flaw  Test  Observations 

Baseline  Tests 

1)  Peak  cyclic  stress  level  did  not  have  a strong  influence  on  the 
crack  growth  rate  versus  stress  intensity  factor  correlations 
developed  in  this  program. 

2)  Crack  depth  growth  rates  for  surface  flaws  tended  to  be  faster 
under  pure  tension  stress  than  under  pure  bending  stresses  for 
constant  stress  intensity  factors. 

Constant  Cyclic  Load  Tests 

1)  Methods  used  to  correlate  and/or  calculate  crack  depth  growth 
behavior  under  constant  cyclic  load  conditions  were  adequate 
for  the  entire  range  of  surface  flaw  geometries  tested  in  this 
program  {0.15  < a/2c  < 0.50  and  0,2  < a/t  < 1.0). 

2)  More  scatter  was  observed  in  crack  width  growth  rate  data  than 
in  crack  depth  growth  rate  data.  However,  crack  propagation 
life  for  surface  flaws  is  fairly  insensitive  to  variations  in 
crack  width  growth  behavior. 

Overload  Tests 

1 ) Tensile  overloads  resulted  in  subsequent  transient  reductions 
in  crack  growth  rate  relative  to  rates  that  would  have  existed 
in  the  absence  of  overloads. 

2)  Crack  growth  rate  behavior  after  overloads  was  in  qualitative 
agreement  with  results  of  crack  retardation  models  due  to 
Wheeler  (30)  and  Willenborg  (31).  Crack  growth  rate  reduction 
was  maximum  immediately  after  the  overload  and  gradually  diminished 
with  increasing  crack  propagation. 
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3)  Values  of  the  exponent  m in  the  Wheeler  model  required  to  force 
agreement  between  the  model  and  experimental  data  varied  with  alloy 
and  crack  depth-to-thickness  ratio. 

4)  Crack  growth  rate  retarding  effects  of  overloads  underwent  a 
marked  increase  as  the  crack  tip  closely  approached  the  back 
specimen  face. 

5)  Tensile  overloads  resulted  in  large  amounts  of  apparent  crack 
growth  during  the  overload  cycle.  The  amount  of  growth  was  about 
two  orders  of  magnitude  greater  than  would  be  predicted  using 
crack  closure  theory  and  baseline  crack  growth  rates. 

6)  Small  compressive  loads  applied  i mediately  after  tensile  over- 
loads reduced  the  crack  growth  retardation  effects  of  the  tensile 
over! oads . 

7)  Small  periodic  compressive  loads  in  the  absence  of  tensile  over- 
loads had  no  detectable  effect  on  crack  growth  behavior  of  surface 
f 1 aws . 

Spectrum  Load  Tests 

1)  Crack  growth  behavior  of  surface  flaws  under  uniform  tension 

spectrum  loadings  representative  of  bomber  and  fighter  operations 
could  not  be  adequately  correlated  using  calculation  procedures 
both  with  and  without  simple  methods  of  accounting  for  the  crack 
growth  retardation  effects  of  overloads. 

6.2  Cracked  Fastener  Hole  Test  Observations 

General 

1)  Of  the  fastening  systems  tested  (close  tolerance  fasteners  in 
conventional  reamed  holes,  close  tolerance  fasteners  in  cold 
worked  holes,  and  Taper-lok  fasteners  in  taper-reamed  holes), 
close  tolerance  fasteners  in  conventional  reamed  holes  yielded 
the  shortest  crack  propagation  lives. 
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2) 


In  the  221 9-TS5T  aluminum  and  6Al-4VsA  titanium  alloys,  both 
cold  working  of  fastener  holes  and  installation  of  Taper-lok 
fasteners  increased  crack  propagation  lives.  Most  Taper-lok 
fasteners  were  installed  using  average  interference  levels  for 
standard  installations.  Fastener  holes  were  cold  worked  using 
the  Boeing  Commercial  Airplane  Company's  high  interference  split 
sleeve  process. 

3)  In  the  9Ni-4Co-0.2C  steel  alloy  tests,  Taper-lok  fasteners  had 
only  small  effects  on  crack  propagation  lives.  This  result  is 
apparently  peculiar  to  combinations  of  test  variables  similar  to 
those  tested  in  this  program.  Cold  working  of  fastener  holes 
resulted  in  substantial  increases  in  crack  propagation  life  in  all 
steel  alloy  tests. 

4}  There  was  no  difference  in  crack  propagation  behavior  between 

open  holes  and  holes  filled  with  unloaded  close  tolerance  fasteners 
in  all  materials. 

Constant  Cyclic  Load  Tests 

1)  In  the  aluminum  and  titanium  alloy  tests,  Taper-lok  fasteners 
installed  using  average  interference  values  for  standard  installa- 
tions yielded  crack  propagation  lives  ranging  from  3 to  5 times 
comparable  lives  for  conventional  reamed  close  tolerance  fastener 
holes.  Fastener  holes  that  were  cold  worked  using  the  Boeing 
Airplane  Company's  high  interference  split  sleeve  process  yielded 
crack  propagation  lives  that  ranged  from  9 to  23  times  comparable 
lives  for  conventional  reamed  fastener  holes. 

2)  Cold  working  resulted  in  increases  in  crack  propagation  life 
that  were  greater  for  filled  holes  than  for  open  holes. 

3)  For  the  range  of  parameters  used  in  this  program,  it  was  found 
that  good  estimates  of  crack  propagation  life  for  close  tolerance 
fastener  and  open  holes  could  be  made  using  stress  intensity 
factors  described  in  Section  4.0  of  this  report,  and  baseline 
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crack  growth  rate  data  obtained  from  surface  flaw  specimens 
as  described  in  Section  3.1  of  this  report.  Tests  were  limited 
to  circular  part-thru  cracks,  one  crack  depth  to  hole  diameter 
ratio  (=  1.0),  and  either  low  or  no  load  transfer.  Ratios  of 
calculated  to  experimental  lives  were  lower  for  loaded  holes  than 
for  either  filled  or  open  holes. 

4}  Methods  developed  to  quantitatively  evaluate  the  effects  of  fastener 
interference  on  crack  propagation  life  for  thru-cracked  fastener 
holes  underestimated  interference  effects  for  the  aluminum  and 
titanium  alloys.  Calculated  and  experimental  results  were  in 
good  agreement  for  the  steel  alloy  tests  in  which  interference 
had  little  or  no  effect  on  crack  propagation  life.  Methods  for 
evaluating  effects  of  fastener  interference  on  crack  propagation 
life  for  part-thru  cracked  fastener  holes  were  not  available. 

Overload  Tests 

1)  The  application  of  periodic  overloads  to  stress  levels  greater 
than  about  1.5  times  the  subsequent  peak  cyclic  stress  level 
{the  minimum  overload  ratio  tested  in  this  program)  resulted  in 
increases  in  crack  propagation  life. 

2)  Tensile  overloads  resulted  in  wide  bands  of  apparent  crack  growth  on 
each  fracture  surface.  The  band  widths  were  about  two  orders  of 
magnitude  larger  than  the  corresponding  baseline  crack  growth  rates 
for  all  three  alloys. 

3)  Small  compressive  loads  applied  immediately  after  tensile  overloads 
reduced  the  crack  growth  retardation  effects  of  the  overloads  in  all 
alloys . 

4)  For  close  tolerance  fasteners  and  open  holes,  very  good  agreement 
was  obtained  between  calculated  and  experimental  lives  when  calcula- 
tions were  based  on  stress  intensity  factors  described  in  Section 
4.0  of  this  report,  baseline  crack  growth  rate  data  from  surface 
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flaw  specimens  included  in  Section  3.1,  and  Wheeler's  method 
{with  an  exponent  of  m = 2)  to  account  for  crack  growth  retardation 
due  to  overloads. 

5)  For  the  aluminum  and  titanium  alloys,  part-thru  cracked  Taper-lok 
fastener  holes  yielded  crack  propagation  lives  ranging  from  3 to  5 
times  calculated  lives  for  comparable  close  tolerance  fastener 
holes;  similar  ratios  ranged  from  6 to  19  for  cold  worked  open  and 
filled  holes.  For  the  steel  alloy,  experimental  lives  for  Taper-lok 
fastener  holes  ranged  from  0.9  to  1.2  times  calculated  lives  for 
comparable  close  tolerance  fastener  holes;  similar  ratios  ranged 
from  5 to  10  for  cold  worked  holes. 

6)  For  the  aluminum  alloy  thru-cracked  specimens,  Taper-lok  fasteners 
yielded  crack  propagation  test  lives  ranging  from  5 to  18  times 
calculated  lives  for  comparable  close  tolerance  fastener  holes  and 
from  1 to  2 times  calculated  lives  for  Taper-lok  fastener  holes. 
Ratios  of  experimental  crack  propagation  lives  for  interference 
fit  fasteners  to  calculated  lives  for  comparable  close  tolerance 
fastener  holes  ranged  from  9 to  30  for  the  titanium  alloy  and  from 
1.4  to  2.3  for  the  steel  alloy.  No  calculations  accounting  for 
interference  effects  were  undertaken  for  the  titanium  and  steel 
alloys. 

Spectrum  Load  Tests 

1}  Interference  fit  fasteners  resulted  in  smaller  increases  in  crack 
propagation  lives  under  spectrum  loadings  than  under  constant  cyclic 
loadings. 

2)  When  crack  growth  calculations  were  based  on  linear  cumulative  damage 
theory,  stress  intensity  factors  described  in  Section  4.0  of  this 
report,  and  baseline  crack  growth  rate  data  from  surface  flaw  speci- 
mens from  Section  3.1,  ratios  of  experimental  to  calculated  crack 
propagation  lives  for  open  and  close  tolerance  fastener  holes  ranged 
from  0.6  to  1.1  (average  of  0.8)  for  the  bomber  spectrum  tests,  and 
from  1.5  to  5.2  (average  of  3.8)  for  the  fighter  spectrum  tests. 
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6.3 


Conclusions 


1)  Fatigue  crack  propagation  lives  of  cracked  fastener  holes  can  be 
increased  through  the  proper  use  of  either  interference  fit  fasteners 
or  cold  working  procedures. 

2)  Reasonable  estimates  of  crack  propagation  lives  for  cracks  origi- 
nating at  conventional  close  tolerance  fastener  holes  can  be  made 
for  situations  involving  circular  part-thru  cracks  having  initial 
depth-to-hole-diameter  ratios  of  about  unity,  simple  loadings,  and 
low  load  transfer.  More  work  is  required  to  expand  the  applicability 
of  methods  for  calculating  crack  propagation  lives  for  ranges  of 
variables  outside  the  scope  of  this  program. 

3)  Current  methods  of  calculating  crack  propagation  lives  are  not 
sufficiently  refined  to  provide  adequate  estimates  of  crack  propa- 
gation lives  under  spectrum  loadings. 

4)  The  data  generated  in  this  program  identified  several  potential 
contributors  to  discrepancies  between  experimental  and  calculated 
spectrum  load  crack  propagation  lives  and,  because  of  its  consistency 
and  level  of  detail,  will  serve  as  a basis  for  evaluating  future 
refinements  to  crack  propagation  calculation  methods. 
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CLAMPING  BARS 
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Figure  1:  Drilling  Technique  For  Taper-Lok  Fastener  Motes 
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Figure  3:  Cold  Working  Gun 
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Figure  4:  Test  Set-Up  For  Loaded  Fasteners 
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Figure  5:  Test  Specimen  With  L oading  Straps 
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Figure  6:  Setup  For  4340 Steel  L oaded  Fastener  Tests 
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7;  Specimen  Configuration  For  Spectrum  Loaded  Verification  Tests 
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Figure  8:  Instrumentation  For  Measuring  Surface  Flaw  Displacements 
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Figure  9:  Test  Setup  For  Combined  Bending/T< ension  Tests 


111 


112 


Figure  W:  Combined  Bending/Tension  Test 
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Figure  77:  Bomber  Spectrum 


Figure  12:  Crack  Propagation  Direction  Nomenclature 
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Figure  13:  Surface  Flaw  Cyclic  Tension  Specimens 
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2219-  T85 1 Aluminum  t 
6AI-4V  Titanium  and 
9Ni-4Co-0.2C  Steel  Specimens 


Figure  14:  Flaw- At- Hole  Tension  Specimens 
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Figure  15:  Fracture  Faces  Far  Aluminum  Uniform  Load  Fastener 

Hole  Flaw  Specimens  Illustrating  Periodic  Marker  Bands 
Used  To  Track  Crack  Growth 
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Figure  16:  Loading  Programs  For  Overload  Tests 
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Figure  17:  Stress  Intensity  Factors  for  Surface  Flam  Subjected  to  Uniform  Tension  Loadings  (Reference  42) 
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Figure  19:  Stress  Intensity  Factors  at  the  Point  of  Maximum  Crack  Depth  for  Surface  Flam 
Subjected  to  Sending  Stresses 
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F igure  20:  S tress  I n tensity  Factors  at  Plate  Surface  for  Surface  Flaws  Subjected  to  Bending  Stresses 
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CRACK  DEPTH  GROWTH  RATE,  da/dN  (MICROINCH/CYCLE) 
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Figure  23:  Stress  Intensity  Factor  Vs.  Crack  Depth  Growth  Rate-Baseline  Tension  Cyclic  Tests  of  0.60  Inch 
6AI-4V  p-Annealed  Titanium  Surface  Flaw  Specimens  in  hoom  Temperature  Desiccated  Air 


1.0  INCH  THICK  PLATE 

0.45  INCH  THICK  DCB  SPECIMENS 


LNl/1  ISX)  xvwx  ‘UOIDVJ  A1ISN31NI  SS3H1S  QUOAD  XV3d 


126 


CRACK  GROWTH  RATE  (MICROINCH/CYCLE) 


S A 

*=  <o 
£ 


CNlA  ISN)  XVVN^  'yoiDVd  A1ISN31NI  SSBH1S  DflDAD  >!V3d 


127 


CRACK  GROWTH  RATE  {MICRO  INCH/CYCLE) 


0.625  INCH  PLATE 

0.375  THICK  OC8  SPECIMENS 

T-L  DIRECTION 


(IN!/1'  isx)  *vwx  'yoiovd  AiisNaiNt  ssayis  ohoao  xvad 


128 


CRACK  GROWTH  RATE  (MICROINCH/CYCLE) 


{ J^LLA  is>0  X™»  'yOlDVd  A1ISN31NI  SS3H1S  DHDAD  >IV3d 


6 

i 


fNiA  IS>0  XVW>t  'UOlDVd  A1ISN31NI  SS3H1S  OHO  AD  XV3d 


129 


da/dN  [MICROINCH/CYCLE)  dc/dN  (MICROINCH/CYCLE) 


100 


£ 


-0 


^ I? 

>5  'w 
So  Cl 


.§» 

*£ 


130 
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Figure  30:  Stress  Intensity  Factor  Vs.  Crack  Depth  Growth  Rate-Uniform  Load  Tension  Tests 
of  Surface  Flawed  2219T851  Aluminum  Alloy  Plate 
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Figure  31:  Stress  Intensity  Factor  Vs  Crack  Depth  Growth  Rate-Uniform  Load  Tension  Tests 
of  Surface  Flawed  9Ni-4Co-0.2C  Steel  Alloy  Plate 
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Figure  32:  Stress  Intensity  Factor  Vs.  Crack  Depth  Growth  Rate- Uniform  Load  Tension  Tests  of 
Surface  Flawed  6 AI-4V  (ft- Annealed)  Titanium  Alloy  Plate 
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of  Surface  Flawed  9Ni-4Co-0.2C  Steel  Alloy  Plate 
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Figure  35:  Stress  intensity  Factor  Vs.  Crack  Ha!  (Width  Growth  Rate- Uni  form  Load  Tension  Tests 
of  Surface  Flawed  Ti-6A!  4V  (Beta  Annealed)  Plate 
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figure  36:  Stress  Intensity  Factor  Vs.  Crack  Growth  Rate  - Combined  Bending  and 

Tension  Tests  of  22J9-T851  Aluminum  Alloy  Surface  Flawed  Plate 
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Figure  37:  Stress  Intensity  Factor  Vs.  Crack  Growth  Hate-Combined  Bending  and 
Tension  Tests  of  9 Ni-4 Co-0.2C Steel  Alloy  Surface  Flawed  Plate 
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Figure  38:  Stress  Intensity  Factor  Vs  Crack  Growth  Rate-Combined  Bending  and  Tension  Tests 
of  6A/-4V  ($•  Annealed)  Titanium  Alloy  Surface  Flawed  Plate 
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Figure  39:  Comparison  of  Actual  and  Predicted  Lives  for  Uniform  Tension  Loaded  Surface  Flaw  Specimens 
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Figure  40:  Crack  Depth  Growth  Vs.  Cycles  For 

22 19  — T85 1 Aluminum  A l/oy  Constant 
Load  Deep  Flaw  Specimens 
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SPECIMEN  SPOTS- 
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Figure  42:  Typical  Fracture  Surfaces  For  9Nj  - 4 Co-  0.2C 

Steel  Alloy  Periodic  Overload  Surface  Flaw  Specimens 
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Figure  43:  Typical  Fracture  Surfaces  For  6A 1-4  V 

( Beta-Annealed ) Titanium  Alloy  Periodic 
Overload  Surface  Flaw  Specimens 
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CYCLES  (THOUSANDS) 

Figure  50:  Method  of  Using  Crack  Displacement  Versus  Cycles  Test  Records  to  Determine  Delay  Cycles 


RANGE  OF  CRACK  DISPLACEMENT  {IN  X UT3) 


Figure  51:  Test  Records  Illustrating  Negligibly  Small  Effects  of  Initial  Small  Compressive  L oads 
on  Crack  Growth  Rate  Behavior  of  Surface  Flaws 
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Figure  52:  Experimental  and  Calculated  Delay  Cycles  Resulting  From  Aluminum  Alloy  Single  Overload  Tests 
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Figure  53:  Experimental  and  Calculated  Delay  Cycles  Resulting  From  Steel  Alloy  Single  Overload  Tests 
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Figure  54:  Experimental  and  Calculated  Delay  Cycles  Resulting  From 

Titanium  Alloy  Single  Overload  Tests 
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Figure  55:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in 
22 75-  T85 1 Aluminum  Alloy  Plate,  <a/t)j  < 0.5  (°Ol/aMA  X = 20> 
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Figure  56 : Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in 
2219-T85 1 Aluminum  Alloy  Plate,  [a! t)j  <.0.5  (°0L /0MAX  ~ ■W 
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Figure  57:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in 

2219 ■ T85 1 Aluminum  Alloy  Plate,  (a/t)t  > 0.5  ( oql^MAX  ~ 2-  0) 
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Figure  58:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws 
in  221 9-T851  Aluminum  Alloy  Plate  (a/t)j  >0.5  (OOL^MAX*  f-W 
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Figure  59:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in  9Ni-4Co-D.2C 

Steel  Alloy  Plate,.  (a/t)j  <0.5  (oqL^MAX  ~ ^ 
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Figure  60:  Effect  of  Periodic  Overloads  on  Fa  iigue  Crack  Progaga  don  of  Surface  Flavs  in  9Mi-4Co-0. 2C 

Steel  Alloy  Plate  (a/t)j  <0.5  (^OL^MAX  = W 
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Figure  61:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flam  in  9Ni~4Co-0.2C 

Steel  Alloy  Plate,  (a/t)j>0.5  (°OL^°MAX~^ 
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Figure  62.  EJfect°f  Per'°dic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in  9Ni-4Co-0  2C 
Steel  Alloy  Plate  (a/t)j  >0.5  hOL/oMAX  * 1.5) 
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Figure  63:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in  6AI-4V 
(Beta  Annealed)  Titanium  Alloy  Plate,  (a/t)j  <0.5  ( oq^/ = 
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Figure  64:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flam  m 6AI-4V 
(Beta  Annealed)  Titanium  Alloy  Plate,  (a/t)j  <0.5  (oq{_/°maX~  ^ 
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Figure  65: 


Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in  6AI-4V 
(Beta  Annealed}  Titanium  Alloy  Plate,  (a/t)j  > 0.5  (oQL/oMAX  = 2.0} 
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Figure  66:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in  6A 1-4  V 

(Beta  Annealed)  Titanium  Alloy  Plate,  (a/t)/  >0.5  (oqi_/o^ax=  1.5) 
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Figure  67:  Variations  in  Overload  Exponent  (m)  in  22 19-  T85 1 Aluminum  Alloy  Periodic  Overload 
Specimens  with  (aft) j < 0. 5 and  Overload  Ratio  ~ 2.0 
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Figure  68:  Variations  in  Overload  Exponent  (m)  in  22 19-  T85 1 Aluminum  Alloy  Periodic  Overload 
Specimens  with  (a/t)l  > 0.5  and  Overload  Ratio  = 2,0 
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with  (a/t):  < 0.5  and  Overload  Ratio  = 2.0 


o 


00 

o 

o 


o 


cm 

d 


o 


w 'JLN3NOdX3  0V01H3A0 


m iN3NQdX3 0VO1B3AO 


s 


& 

£ 

13 

§ 

I 

_Cj 


to 

Co 

Cl 

Co 

I 

/C; 


£ 

£ 

Q 

na 

0 

1 

CO 


t-* 

.§ 

c 

I 


£ 

a; 

u. 


172 


with  ( a/t);  > 0.5 and  Overload  Ratio  = 2.0 
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Figure  71:  Variations  in  Overload  Exponent  (m)  in  Ti-6AI-4V  (Beta  Annealed)  Alloy  Periodic  Overload 
Specimens  with  (a/t)j  <05  and  Overload  Ratio  - 2.0 
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Figure  72:  Crack  depth  Versus  Cycles  for  2219-T85 1 Aluminum  Alloy  Periodic  Overload 
Surface  Flaw  Specimens 
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Plate  Subjected  to  Combined  Bending  and  Tension  Loading 
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Figure  74:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in  9Ni-4Co-0.2C 
Steel  Plate  Subjected  to  Combined  Bending  and  Tension  Loading 
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Figure  75  ,*  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Surface  Flaws  in  6AI-4V 
(Beta-Annealed)  Titanium  Plate  Subjected  to  Combined  Bending  and  Tension  Loading 
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Figure  76:  Crack  Depth  Growth  Vs.  Missions  for  Surface  Flaws  in  2219 ■ T851 
Aluminum  Alloy  Subjected  to  Bomber  Spectrum 
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Figure  77:  Crack  Depth  Growth  Vs.  Missions  for  Surface  Flaws  in  2219-T851 
Aluminum  Alloy  Subjected  to  Fighter  Spectrum 
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Figure  78;  Crack  Depth  Growth  Vs.  Missions  for  Surface  Flaws  in  9Ni-4Co-0.2C  Steel  Alloy  Subjected 
to  Bomber  Spectrum 
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Figure  79:  Crack  Depth  Growth  Vs.  Missions  for  Surface  Flaws  in  9Ni-4Co-0.2C  Steel  Alloy  Subjected 
to  Fighter  Spectrum 
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Figure  80:  Crack  Depth  Growth  Vs.  Missions  for  Surface  Flaws  in  CAI-4V  (Beta- Annealed)  Titanium 
Alloy  Subjected  to  Bomber  Spectrum 
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Figure  81:  Crack  Depth  Growth  Vs.  Missions  for  Surface  Flaws  in  6AI-4  V (Beta-Annealed)  Titanium 

Alloy  Subjected  to  Fighter  Spectrum 
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Figure  82:  Comparison  of  Actual  and  Predicted  Life  for  Spectrum  L oaded  Surface  Flaw  Specimens 
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Figure  83:  Comparison  of  Experimental  and  Calculated  Results  for  2219  T851  Aluminum  Alloy 
Spectrum  L oaded  Surface  Flaw  Specimens 
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jF/jTt/re  54;  Equivalent  Problem  for  Determining  Stress  intensity  Factors  for  Two  Symmetrical 
Thru  Cracks  Originating  at  an  Open  Hole 
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Figure  85:  Stress  Intensity  Factors  for  Two  Through -the-  Thickness  Symmetrical  Cracks  Originating  at  a Hole  in  a Plate  Subjected  to  Tension 
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Figure  86:  Stress  Intensity  Factors  for  One  Through-the-Thickness  Crack  Originating  at  a Hole  in  a Ptete  Subjected  to  Tension 
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Two  Semi-elliptical  Cracks  Originating  at  a Hole  in  a Thick  Plate 
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Figure  88:  Stress  Distribution  Due  to  a Hole  in  a Plate  in  Tension 
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Figure  89:  Companion  of  Nondimensionafized  Stress  Intensity  Factors  Obtained 
from  Green's  Function  and  Fitted  Stress  Approaches 
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f/pure  50:  Hondimensionalized  Stress  Intensity  Factors  for  Two  Semi-Elliptical  Cracks  at  a 
Hole  in  a Thick  Plate  (Figure  87) 
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Figure  91:  Nondimensionalized  Stress  Intensity  Factors 
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Figure  92*  Assumed  Back  Surface  Stress  Intensity  Magnification  Factor  for  Quarter-Circular  Part-  Thru  Fastener  Hole  Flaws 
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Figure  93;  Stress  Variation  of  o gjjo  along  X-axis  for  a Plate  Containing  a Hole  Filled 
mtfj  a Neat  Fit  Fastener 
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Figure  94:  Variation  of  Circumferential  Stress  (oqq/o)  Around  Periphery  of  a Hole  Filled 
with  a Neat  Fit  Fastener 
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Figure  95:  Nondimensionalizcd  Stress  Intensity  Factors  for  Two  Through  Cracks  Originating 

From  a L oaded  Close  Tolerance  Fastener 
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Figure  9$:  Nondimensionaiized  Stress  Intensity  Factors  for  One  Through  Crack  Originating 

from  a Loaded  Close  Tolerance  Fastener 
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Figure  97:  Nondimensionalized Stress  Intensity  Factors  for  Two  Semi-Elliptical  Cracks  Originating 
from  a Loaded  Close  Tolerance  Fastener  in  a Thick  Plate 
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Figure  98:  Plate  with  Neat  Filled  Hole  Subjected  to  Remote  Loading  and  L oad  Transfer  at  Fastener 
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Figure  99:  Stress  ozz  Along  X-axis  in  an  Aluminum  Plate  ( oys  = 70  ksi ) with  a Steel  Interference  Fit 
Fastener  Caused  by  Interference,  Edge  Loading,  and  Unloading 
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Stress  Intensity  Factors  for  Two  Through  Cracks  Originating  at  an  Interference  Fit  Fastener  Due  to  Interference  Alone , 
(Plate  Material  = 2219-  T85 1 Aluminum t Fastener  Materia 1 - Steel) 
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Figure  101:  Stress  Intensity  Factors  for  Two  Through  Cracks  Originating  at  an  Interference  Fit  Fastener  in  a Plate  Subjected  to  Uniaxial  Tension 

(Plate  Material  - 2219-T85I  Aluminum,  Fastener  Materia I = Steel) 
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Figure  102:  Stress  Intensity  Factors  for  Two  Thru  Cracks  Originating  at  an  Interference  Fit  Fastener  in  a Plate  Subjected 
to  Uniaxial  Tension  (Plate  Materia!  = 9Ni-4Co-0.2C  Steel  and  Fastener  Material  - H-11  Steel) 
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Figure  103:  Stress  Intensity  Factors  for  Two  Thru  Cracks  Originating  at  an  Interference  Fit  Fastener  in  a Plate  Sub/ected 
to  Uniaxial  Tension  (Plate  Material  = 6A/-4V  Titanium,  Fastener  Materia!  = Titanium ) 
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Figure  104:  Static  Fracture  Test  Results  For  4340  Steel  Fastener  Hole  Flaw  Tests 

(Open  Hole  and  Unloaded  Interference  Fit  Fastener  Tests) 
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Figure  105:  Static  Fracture  Fast  Results  For  4340  Steel  Fastener  Hole  Flaw  Tests  (Unloaded  Interference 
Fit  Fastener  and  L oaded  Fastener  Tests ) 
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Flaw  Specimens  (Double  Crack  Specimens) 
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DISTANCE  FROM  CENTER  OF  HOLE 
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Figure  109 ' Specimen  Configuration  for  Aluminum  Alloy  Close  Tolerance  Fastener  Tests 


o o 

© 


212 


CRACK  LENGTH,  c (IN.}  CRACK  DEFTH,  • (INCH) 


Figure  1 1 1 : Crack  Size  Vs.  Cycles  for  Part-  Through  Cracks  Originating  at  Open  and  Close  Tolerance  Fastener 
Filled  Holes , and  Surface  Flam  in  2219-  T85 1 Aluminum  Alloy 


213 


(INCH)  la  + c^J  UNCHI 


Figure  1 12:  Crack  Size  Vs.  Cycles  for  Part-Through  Cracks  Originating  at  Open  and  Close  Tolerance 

Fastener  Filled  Holes  in  9Ni-4Co-Q.2C  Steel  Alloy 
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Figure  1 1 3:  Crack  Size  Vs.  Cycles  for  Part-  Through  Cracks  Originating  at  Open  and  Close  Tolerance 

Fastener  Filled  Holes  in  6AI-4V  (iA  Titanium  Alloy 
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Figure  114:  Comparison  of  Growth  Characteristics  for  Constant  Cyclic  L oad  Tests  of  Part-  Through 

Cracks  Originating  at  Fastener  Holes 
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Figure  IIS:  Comparison  of  Calculated  and  Experimental  Lives  for  Part-  Through  Cracks  Originating 
at  Open  and  Close  Tolerance  Fastener  Filled  Holes 
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Figure  7 76:  Crack  Growth  Observed  in  2279-  T85 1 Aluminum  Alloy  Cold  Worked  Hole  Specimens 
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Figure  117:  Crack  Length  Vs.  Cycles  for  Part-  Through  Cracks  Originating  at  Open  Conventional. 

Open  Cold  Worked,  and  Interference  Fit  Fastener  Filled  Holes 
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Figure  1 18:  Comparison  Between  Crack  Propagation  Lives  for  Part-Through  Cracks 

Originating  at  Cold  Worked  and  Conventional  Fastener  Holes 
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Figure  1 19:  Effect  of  Periodic  Overloads  on  Crack  Growth  Behavior  of  Thru  Cracks  Originating  at  Holes 
Containing  Tapei-Lok  Fasteners  in  2219T851  Aluminum  (0(/om  ~ 1-5) 
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Figure  12Qi  Effect  of  Periodic  Overloads  on  Crack  Growth  Behavior  of  Thru  Cracks  Originating  at  Holes 
Containing  Taper- Lok  Fasteners  in  9f\h-4Co-0.2C  Steel  <o0/om  ~ 1. 75  and  1.5) 
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Figure  1 ? 1 ; 


Effect  of  Periodic  Overloads  on  Crack  Growth  Behavior  of  Thru  Cracks  Originating  at  Holes 
Containing  Taper- L ok  Fasteners  in  6AI-4V  fiA  Titanium  (oQ/om  - 1.5) 
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Figure  122 : Comparison  of  Experimental  and  Calculated  Lives  for  Uniform  Thru  Cracks 
Originating  at  Interference  Fit  Fastener  Holes 
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Figure  123:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

Loaded  Taper- L ok  Fasteners  in  2219-  T85 1 Aluminum  Alloy  ( oQhm  =1.67) 
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Figure  124:  Effect  of  Periodic  Overloads  on  Fatigue  Propagation  of  Part-  Thru  Cracks  Originating  at 

Unloaded  Taper-Lok  Fasteners  in  2219 ■ T85 1 Aluminum  Alloy  io0/om  = 1.67  ) 
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Fifrirw  12 5:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Unloaded  Taper* Lok  Fasteners  in  22 19* T8S 1 Aluminum  Ai/oy  (oQ/om  =1.67 ) 
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Figure  126:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Loaded  Taper-Lok  Fasteners  in  2219-T851  Aluminum  Alloy  (o0/om  - 1.50) 
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Figure  127:  Effect  of  Pe,  iodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating  at 

Unloaded  Taper-Lok  Fasteners  in  2219-T85 1 Aluminum  Alloy  ( o0/om  * 1.50) 
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Figure  128:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Pert • Thru  Creek t Originating  at 

Unloaded  Taper-Lok  Fasteners  in  2219-  T85 1 Aluminum  Alloy  fog/om  » 1.50) 
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Figure  129:  Fffect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-Thru  Cracks  Originating 

at  Loaded  Taper- Lok  Fasteners  in  9Ni-4Co-0.2C  Steel  Alloy  (o(J/om  - 1.75) 
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Figure  130:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Unloaded  Taper-Lok  Fasteners  in  9Ni-4Co-0.2C  Steel  Alloy  (oQ/om  - 1.75) 
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Figure  131:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-Thru  Cracks  Originating  at 

On  loaded  Taper-L  ok  Fasteners  in  9Ni-4Co-Q.2C  Steel  Alloy  (o0/om  ~ 1-25) 
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Figure  132:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Taper- Lok  Fasteners  in  9Ni~4Co-0.2C  Steel  Alloy  (oQ/om  ~ 1.50) 
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Figure  133:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating ) 

at  Unloaded  Taper- Lok  Fasteners  in  9Ni-4Co-0.2C  Steel  Alloy  (og/om.  = 1,50) 
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figure  134:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-Thru  Cracks  Originating  at 
Unloaded  Taper-Lok  Fasteners  in  9Ni-4Co -0.2C  Steel  Alloy  (%/Om  = 1.50) 
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Figure  135-  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-Thru  Cracks  Originating 
at  Loaded  Tsper-Lok  Fasteners  in  6AI-4V  pA  T,tanium  Alloy  (oQ/om  = U5) 
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Figure  1 36:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Unloaded  Taper- L ok  Fasteners  in  6A1-4V pA  Titanium  Alloy  (og/um  = 1. 75) 
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Figure  137:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-Thru  Cracks  Originating 

at  Loaded  Taper-Lok  Fasteners  in  6A/-4V  jiA  Titanium  Alloy  {oQfam  = 1.50) 
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Figure  138:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Unloaded  Taper- Lok  Fasteners  in  6AI-4V (3A  Titanium  Alloy  (og/om  = 1.50) 
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Figure  139:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Unloaded  Taper-Lok  Fasteners  in  6 A 1-4 V p, A Titanium  Alloy  (o0/om  ~ 1.50) 
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Figure  1 40:  Effect  of  Taper-Lok  Bolt  Interference  on  Fatigue  Crack  Growth  of  Part-Thru  Cracks  in  2219-  T851  Aluminum  Alloy 


ACTUAL  LIFE  FO  R INTERFERENCE  FIT  FASTENER  FILLED  HOLE 


(I  - 0.0030" I 


II  - 0.0030"! 

tb)  9Ni-4Co-0.2C  STEEL  SPECIMEN  FUC1S-1 


(I  ■ 0.0036"! 


(I  “ 0.0034"!  (I  = 0.0034"! 

(c)  6AI-4V  (SA  TITANIUM  SPECIMEN  FUCIT-2 


(I  = 0.0042") 


Figure  141:  Comparison  Between  Crack  Propagation  Lives  (or  Part-Thru  Cracks  Originating  at 

Interference  Fit  and  Close  Tolerance  Fastener  Filled  Holes 
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Comparison  of  Crack  Growth  Data  for  Part-Thru  Cracks  Originating  at  Taper- Lok  Fitted  Holes 
Subjected  to  Tension  or  Combined  Bending  and  Tension  Stresses 
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Figure  143:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation 
of  Part-  Thru  Cracks  Originating  At  Loaded  Close 
Tolerance  Fasteners  in  2219 - T851  Aluminum  Alloy  (o0/om  = 1. 75) 
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Figure  144:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part  ~ Thru  Cracks  Originating 

at  Open  Holes  in  22 19-  T85 1 Aluminum  Alloy  (o0/om  = 1. 75) 
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Figure  145:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-Thru  Cracks  Originating  at 
Loaded  Close  Tolerance  Fasteners  in  2219 - T85 1 Aluminum  Alloy  (Oo/am  - 1.50) 
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Figure  146,  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propogation  of  Part  — Thru  Cracks  Originating 
at  Open  Holes  in  2219-T851  Aluminum  Alloy  (ojo^  = 1.50) 
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Figure  14  7:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating  at 

Loaded  Close  Tolerance,  fgsienep  in  §Nj-4Co-0JC  Steel  Alloy  (o0Mm  = 2.00) 
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figure  149:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating  at 

Open  Holes  in  9Ni-4Co-0.2C  Steel  Alloy  (o0f om  - 2.00 ) 
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Figure  / 50:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating  at 

Loaded  Close  Tolerance  Fasteners  in  9Ni-4Co-0.2C  Steel  Alloy  (o0/om  = 1.50) 
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figure  151:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Fart ■ Thru  Cracks  Originating  at 

Unloaded  Close  Tolerance  Fasteners  in  9Ni-4Co-0.2C  Steel  Alloy  (og/om  - 1.50) 
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Figure  152:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part - Thru  Cracks  Original, ng  ai 

Open  Holes  in  9Ni-4Co-0.2C  Steel  Alloy  (o0/om  = 1.50 ) 
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Figure  154:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating  at 
Unloaded  Close  Tolerance  Fasteners  in  6A I-4V/3A  Titanium  Alloy  (oo/om  = 2.00) 
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Figure  155:  Effect  of  Periodic  Overloads  on  Fatige  Crack  Propagation  of  Part-  Thru  Cracks  Originating 

at  Open  Holes  in  6A 1-4V/8A  Titanium  Alloy  ( Oq/q, „ = 2.0) 
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Figure  156:  Effect  of  Periodic  Overloads  on  Fatigue  Crack  Propagation  of  Part-  Thru  Cracks  Originating 
at  Loaded  Close  Tolerance  Fasteners  in  6 A !-4V/}A  Titanium  Alloy  (oo/om  = 1.5} 
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Figure  157:  Effect  of  Overloads  on  Fatigue  Crack  Propagation  of  Part— Thru  Cracks  Originating  at  Unloaded 
Close  Tolerance  Fasteners  in  BA  I-4V0A  Titanium  Alloy  (o0/om  = 1.50) 
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Figure  159:  Typical  Fracture  Surfaces  For  2219-  TBS  1 

Aluminum  Alloy  Close  Tolerance  Fastener 
Specimens  Tested  Under  Periodic  Overloading 

Profiles 
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Figure  160:  Typical  Fracture  Surfaces  for  9Nj  - 4 C - Q.2C 

Steef  Alloy  Close  Tolerance  Fastener  Specimens 
Tested  Under  Periodic  Overload  Loading  Profiles 
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Figure  J65:  Effect  of  Overload  Ratio  on  Growth  of  Part-Thru  Cracks  Originating  at  Loaded  Close 

Tolerance  Fastener  Holes 
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Figure  186:  Comparison  of  Calculated  and  Experimental  Lives  for  Part-Thru  Cracks  Originating 

at  Loaded  and  Unloaded  Close  Tolerance  Fasteners  and  Open  Holes 
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Figure  167:  Comparison  of  Calculated  and  Experimental  Lives  for  Thru  Cracks  Originating 

at  Taper- Lok  Filled  Fastener  Holes 
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Figure  168:  Effect  of  Overload  Magnitude  on  Fatigue  Growth  of  Part-Thru  Cracks  Originating  at 

Loaded  Taper-Lok  Fastener  Holes 
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Figure  169:  Crack  Growth  Behavior  for  Loaded  and  Open  Close  Tolerance  Holes  in  2219-  T85 1 Aluminum 
Alloy  Subjected  to  Bomber  Spectrum 
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Figure  1 70:  Crack  Growth  Behavior  for  Loaded  and  Open  Close  Tolerance  Holes  in  2219-  T851  Aluminum 

Alloy  Subjected  to  Fighter  Spectrum 
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Figure  1 71:  Crack  Growth  Behavior  for  22 19-  T85 1 Close  Tolerance  Fastener  Hole  Flaws  Subjec ted  to 

Bomber  Spectrum 
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Figure  172:  Crack  Growth  Behavior  for  Loaded,  Filled  and  Open  Close  Tolerance  Holes  in  9Ni-4Co-0.2C  Steel  Alloy 

Subjected  to  Bomber  Spectrum 
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Figure  173:  Crack  Growth  Behavior  for  Loaded  and  Open  Close  Tolerance  Holes  in  9Ni-4Co-0.2C  Steel  Alloy 
Subjected  to  Fighter  Spectrum 
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Figure  1 74:  Crack  Growth  Behavior  for  9Ni-4Co-0.2  Steel  Close  Tolerance  Fastener  Hole  Flaws 

Subjected  to  Bomber  Spectrum 
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Figure  175:  Crack  Growth  Behavior  of  Loaded,  Filled,  and  Open  Close  Tolerance  Holes  in 

Ti-6AI4  V 0A  Alloy  Subjected  to  Bomber  Spectrum 
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Figure  176:  Crack  Growth  Behavior  of  Loaded,  Filled t and  Open  Close  Tolerance  Holes 

Ti-6A!-4V  jS  A Alloy  Subjected  to  Fighter  Spectrum 
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Figure  177:  Crack  Growth  Behavior  for  Ti-SAMV  0 A Close  Tolerance  Fastener  Hole  Flaws 

Subjected  to  Bomber  Spectrum 
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BASED  ON  LINEAR  CUMULATIVE  DAMAGE  THEORY 
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Figurs  178:  Comparison  of  Actual  and  Calculated  L ins  for  Part-  Thru  Cracks  Originating  at  Open  and  Close 

Tolerance  Fastener  Filled  Holes  Subjected  to  Spectrum  Loadings 
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Figure  179:  Crack  Growth  Behavior  for  Loaded  Taper -L  ok.  Unloaded  Taper- L ok  and  Open  Cold  Worked 

Fastener  Holes  in  22 19-  T85 1 Aluminum  Alloy  Subjected  to  Bomber  Spectrum 
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Figure  180:  Crack  Growth  Behavior  for  Loaded  Taper-Lok,  Unloaded  Taper-Lok,  and  Ooen  Cold  Worked 

Fastener  Holes  in  22 1 9—  7 851  Aluminum  Alloy  Subjected  to  Figher  Spectrum 
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Figure  181:  Crack  Growth  Behavior  for  22 19-  T85 1 Aluminum  A Hoy  Taper-  L ok/Cold  Worked  Fastener 

Hole  Verification  Specimen  (Bomber  Spectrum) 
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Figure  182:  Crack  Growth  Behavior  for  L oaded and  Unloaded  Taper- Lok  Fastener  Holes  in  9Ni-4Co-0.2C 

Steel  Alloy  Subjected  to  Bomber  Spectrum 
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Figure  183:  Crack  Growth  Behavior  for  L oaded  and  Unloaded  Taper-Lok  Fastener  Holes  in  9Ni-4Co-0.2C 

Steel  Alloy  Subjected  to  Fighter  Spectrum 
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Figure  184:  Crack  Growth  Behavior  for  L oaded  and  Unloaded  Taper- Lok  Fastener  Holes  in  6A 1-4  V p A 

Titanium  Alloy  Subjected  to  Bomber  Spectrum  (Specimen  FSC/T- 1) 
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Figure  185: 


Crack  Growth  Behavior  for  Loaded  Taper-Lok,  Unloaded  Taper-Lok,  and  Open  Cold  Worked 


Fastener  Holes  in  6A  1-4Vf$A  Titanium  Alloy  Subjected  to  Bomber  Spectrum  (Specimen 
FSCIT  -2) 
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Figure  186 * Crack  Growth  Behavior  for  L oaded  Taper-Lok,  Unloaded  Taper- L ok,  and  Open  Cold  Worked 
Fastener  Holes  in  6A  1-4VfiA  Titanium  Alloy  Subjected  to  Fighter  Spectrum  ( Specimen 

FSCIT-3) 
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Figure  187:  Crack  Growth  Behavior  for  6AI-4  V j}A  Titanium  Alloy  Taper-L  ok  Fastener/Cold  Worked 

Hole  Verification  Specimen  (Bomber  Spectrum) 
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Figure  188:  Comparison  of  Crack  Growth  Behavior  for  Loaded  Close  Tolerance,  Loaded  Taper- Lok,  and 

Open  Cold  Worked  Holes  in  2219-T851  Aluminum  Alloy  Subjected  to  Bomber  Spectrum 


290 


NUMBER  OF  SPECTRA 


Figure  189:  Comparison  of  Crack  Growth  Behavior  for  Part-Thru  Cracks  Originating  at  Loaded  Close  Tolerance. 

Loaded  Taper- Lok,  and  Open  Cold  Worked  Holes  in  6A 1-4V  |3/l  Titanium  Alloy  Specimens  Subjected 
to  Bomber  Spectrum 
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Figure  190:  Comparison  of  Crack  Growth  Behavior  of  Part-  Thru  Cracks  Originating  at  Loaded  Close  Tolerance, 
L oaded  Taperlok,  and  Open  Cold  Worked  Holes  in  9Ni-4Gy-0.2C  Steel  Alloy  Specimens  Subjected  to 
Bomber  Spectrum 
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Table  1:  Chemical  Composition  of  Materials 


ELEMENT 
(%  BY  WEIGHT 
EXCEPT  AS  NOTED) 

2219— T851 

ALUMINUM 

PLATE 

(SPEC.  LIMITS) 

Ti-6A1-4V  0A 
PLATE 

(SPEC.  LIMITS) 

9Ni-4Co-0.2C  STEEL 
PLATE 

4340  STEEL 
PLATE 

MAX,  | 

MIN. 

MAX.  } 

MIN. 

COPPE  R 

5.80 

6.80 

1 

— 

0.16 

0.16 

SILICON 

1 

0.20 

i 

— 

0.07 

0.32 

MANGANESE 

0.20 

i 

0.40 

i 

— 

0.24 

0.72 

MAGNESIUM 

0.02 

1 

— 

— 

— 

IRON 

1 

0.30 

0.25  | 

— 

BAL 

BAL. 

CARBON 

i 

■ — 

0.08  1 
1 

— 

0.19 

0.41 

COBALT 

~ | 

— 

_ 1 
1 

— 

4.58 

— 

NICKEL 

— 

1 

9.32 

1.80 

CHROMIUM 

1 

— 

ft 

— 

0.78 

0.78 

MOLYBDENUM 

— 

_ 1 

— 

0.96 

0.23 

PHOSPHORUS 

| 

— 

— ) 

— 

3.007 

0.010 

SULPHUR 

i 

— 

— 

— 

0.003 

0.014 

ZINC 

_ 

— 

— 

■ — 

— 

VANADIUM 

0.05 

0.15 

4.50 

3.50 

0.09 

— 

NITROGEN 

— 

0.03  | 

— 

— 

— 

OXYGEN 

— 

0.13  1 

0.06 

— 

— 

HYDROGEN 

1 

■ 

- — 

0.0125 

— 

— 

— 

ZIRCONIUM 

0.10 

0.25 

1 

— 

— 

— 

TITANIUM 

0.10 

0.20 

BAL.  | 

BAL. 

— 

— 

ALUMINUM 

BAL.  | 

BAL. 

6.30  1 
J 

5,50 

— 

— 
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Table  2:  Mechanical  Properties  Of  Materials 


ALLOY 

SPECIMEN 

WIDTH  * THICKNESS 

(IN) 

GRAIN 

DIRECTION 

ULTIMATE 

TENSILE 

STRENGTH 

(KSI) 

0.2%  OFFSET 
YIELD  STRENGTH 
(KSI) 

ELONGATION  IN 
1.0  IN.  GAGE  LENGTH 
(%) 

ELONGATION  IN 
2.0  IN.  GAGE  LENGTH 

(%) 

REDUCTION  IN 
AREA 

<%) 

2219T851 

ALUMINUM 

(1.0  INCH  THICK  PLATE) 

0.50 

X 

0.25 

LONG. 

66.3 

66.0 

66.1 

52.7 

52.6 

52.6 

16 

16 

16 

11 

11 

11 

27 
29 

28  (AVG) 

TRANS. 

66.2 

66.5 

66.3 

51.2 
51,5 

51.3 

15 

15 

15 

11 

11 

11 

26 

24 

25  (AVG) 

Ti-6AI-4V 
BETA  ANNEALED 

(0.60  INCH  THICK  PLATE) 

0.50 

X 

0,25 

LONG. 

138.3 

138.6 

125.4 

125.3 

16 

16 

10 

11 

27 

25 

26  (AVG) 

138.4 

125.3 

16 

10 

TRANS. 

138.5 

138.7 

128.5 

127.5 

17 

16 

12 

11 

26 

24 

25  (AVG.) 

138.6 

128.0 

16 

11 

9Ni-4Co-0.2C 

STEEL 

(0.50  INCH  THICK  PLATE) 

0.50 

v 

LONG. 

203.4 

202.9 

186.3 

184.2 

24 

23 

13 

14 

56 

57 

203.2 

185.3 

23 

13 

56  (AVG)  j 

X 

0.20 

TRANS. 

204.7 

202.2 

188.0 

185.2 

22 

24 

13 

13 

53 

57 

203.5 

186.6 

23 

13 

55  (AVG) 

4340 

STEEL 

(0.625  INCH  THICK  PLATE) 

0.50 

(LOT  A) 
LONG. 

253.4 

253.2 

250,6 

227.8 

227.0 

225.7 

13 

13 

13 

9 

9 

9 

50 

47 

45 

47  (AVG) 

252.4 

226.8 

13 

9 

X 

0.25 

{LOT  B) 
LONG. 

233.9 

227,8 

231,4 

231.0 

229.7 

227.8 
231.4 
229.6 

■ — 

1 

1 

_L 

i 

(AVG) 
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Table  3:  Summary  of  Fasteners  Used  in  Test  Program 
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Table  4:  Bomb*  Spectrum 


LOAD 

LAYER 

LOAD 
<%  LIMIT) 

MAX.  f MIN. 

CYCLES/ 

MISSION 

LOAD 

LAYER 
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(%  LIMIT) 

MAX.  r MIN. 

CYCLES/ 

MISSION 
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0 
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24 

24 
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Tabit  5:  Figh  ter  Spectrum 
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LAYER  ' 
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MISSION 
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Table  6:  Baseline  Crack  Growth  Rate  Test  Program 
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Table  7:  Uniform  Load  Test  Program  For  Surface  Flam 
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Table  8:  Uniform  Load  Test  Program  For  Cracked  Fastener  Holes 
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Table  9:  Periodic  Overload  Test  Program  For  Surface  Flaws 
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Table  10:  Periodic  Overload  Test  Program  For  Cracked 
Fastener  Holes 
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(a)  SEE  TABLE  8 FOR  DEFINITION  OF  ACRONYMS 


Table  1 1:  Spectrum  Load  Test  Program  For  Surface  Flaws 
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Table  12:  Spectrum  L oading  Test  Program  for  Cracked  Fastener  Holes 
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Table  13:  Stress  Intensity  Factor  Verification  Program 
For  Cracked  Fastener  Holes 
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Table  14:  Comparison  of  Actual  and  Predicted  Results  for  Uniform  Load  Cyclic  Tests  of  Surface  Flawed 

2219-T85 1 Aluminum  Alloy 
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= extrapolated 


Table  15:  Comparison  of  Actual  and  Predicted  Results  for  Uniform  Load  Cyclic  Tests  of  Surface  Flawed  9Ni-4Co-0JC  Steel  Alloy 
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Table  16:  Comparison  of  Actual  and  Predicted  Results  For  Uniform  Load  Cyclic  Tests  of  Surface  Flawed 
6AI-4V  $A  Titanium  Alloy 
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CN 
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CO 
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Table  17:  Summary  of  Test  Parameters  for  22 19-T851  Aluminum  Alloy  Surface  Flaw  Tension  Overload  Tests 


TEST 

|a/t)j 

SPECIMEN 

PEAK 

°Q 

OVERLOAD 

TYPE 

ID 

CYCLIC 

u 

o 

PERIOD(S) 

STRESS 

(ksi) 

m 
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SOTA  1 

18 

2.0 
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<0.5 
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18 

1.5 
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SOTA -3 

18 

-0.1 
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10 

2.0 

— 

>0.5 
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10 
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— 
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10 
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18 

2.0 
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<0.5 
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18 

2.0 
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18 

1.5 
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10 

2.0 
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>0.5 
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10 

2.0 
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10 
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a 
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Table  18:  Summary  of  Test  Parameters  for  9Ni-4Co-0.2C  Steel  Alloy  Surface  Flaw  Tension  Overload  Tests 
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Table  19:  Summary  of  Test  Parameters  for  Ti-BAt-4  V Beta  Annealed  Alloy  Surface  Flawed 

Tension  Overload  Tests 
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Table  20;  Results  of  22 19 - T85 1 A luminum  A Hoy  Single  Overload  Surface  Flaw  Specimens  (Shallow  Flaw  Tests) 
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of  2219-T851  Aluminum  Alloy  Single  Overload  Surface  Flaw  Teats  (Deep  Flaw  Specimens) 
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Table  22:  Results  of  9Ni-4Co-C2,  C Sree  Alloy  Single  Ove  loarl  Surface  Flaw  Tests  { Shallow  Flaw  Specimens) 
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COULD  NOT  BE  DETERMINED 


Table  23:  Results  of  9Ni-4Go-Q.2C  Steel  Alloy  Single  Overload  Surface  Flaw  Tests  (Deep  Flaw  Specimens) 
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Table  24:  Results  of  6Ai-4V  pA  Titan  turn  Alloy  Single  Overload  Surface  Flaw  Tests  {, Shallow  Flaw  Specimens) 
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TOO  SMALL  TO  BE  DETERMINED 


Table  25:  Results  of  8AT4V  $ A Titanium  Alloy  Single  Overload  Surface  Flaw  Tests  ( Deep  Flaw  Specimens) 
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Table  26:  Summary  of  Test  Parameters  for  Surface  Flaw  Specimens  Subjected  to  Tension/Bending  Stresses 
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Table  27:  Comparison  of  Actual  and  Predic  ted  L ives  for  Spectrum  L oaded  Surface  Flaw  Specimens 


ALLOY 

THICK 

(ini 

SPECTRUM 

INITIAL  FLAW 
DIMENSIONS 

ACTUALS 

FINAL  a/2c 

LIFE 

(MISSIONS) 

PREDICTED 
FINAL  (a/1) 
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DICTED 
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TYPE 

W0| 
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0.654 
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Table  28:  Summary  of  Stress  Intensity  Factor  Formulae  for  Thru-Cracked  Fastener  Holes 
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NOTE:  o.  = AVERAGE  BEARING  STRESS 


Table  29:  Summary  of  Stress  Intensity  Factor  Formulae  for  Part - Thru-Cracked  Fastener  Holes 
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Table  30.  Static  Fracture  Tests  of  Surface  Flaws  in  0. 30  Thick  4340  Steel  Alloy  at  Room  Temperature 
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ay  = 228.2  KSI 


Table  32:  Static  Fracture  Tests  of  0,30  Thick  4340  Steel  With  Corner 
Flaws  Emanating  From  Close  Tolerance  Holes 
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Table  33:  Static  Free  tore  Test,  of  0.30  Thick  4340  Steel  with  Comer  Flam  Emanating  from  L oaded  Close  Tolerance 
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Table  34:  Static  Fracture  Tests  of  0.30  Thick  4340 Steel  with  One  Comer  Flaw  Emanating  from  Taper- Lok  Holes 
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Table  35:  Static  Fracture  Tests  of  0. 30  Thick  4340  Steel  With  Two 
Corner  Flaws  Emanating  From  Taperlok  Holes 
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Table  36:  Static  Fracture  Tests  of  0. 30  Thick  4340  Steel  with  Corner  Flaws  Emanating  from  Loaded  Taper-lok  Holes 
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STRESS  RATIO  = 0.1  FOR  ALL  TESTS 


Table  38:  Summary  of  Test  Parameters  for  9Ni-4Co-0.2C  Steel  Alloy  Uniform  Cyclic  Load  Tests  of  Cracks  Originating  at  Fastener  Holes 
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Table  41:  Summary  of  Test  Details  for  2219-T851  Aluminum  Alloy  Overload  Tests  of  Cracks  Originating  at  Fastener  Holes 
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Table  4 1:  Summary  of  Test  Details  for  2219 - T8S1  Aluminum  Alloy  Overload  Tests  of  Cracks  Originating  at  Fastener  Holes  (Continued) 
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Table  42:  Summary  of  Test  Details  for  9Ni-4Co-0.2C  Steel  Alloy  Overload  Tests 


334 


Table  42:  Summary  of  Test  Details  for  9Ni-4Co-0.2C  Steel  Alloy  Overload  Tests  of  Cracks  Originating  at  Fastener  Holes  (Continued) 
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Table  43:  Summary  of  Test  Details  for  BA  i-4  V Beta  A nneaied  Titanium  Alloy  Overload  Tests  of  Cracks  Originating  at  Fastener  Holes 
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Table  43:  Summary  of  Test  Details  for  6AI-4  V Beta  Annealed  Titanium  Alloy  Overload  Tests  of  Cracks  Originating  at  Fastener  Holes  ( Continued ) 
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Table  44:  Summary  of  Test  Details  for  2219 - T85 1 Aluminum  Alloy  Spectrum  L oad  Tests  of  Cracks  Originating  at  Fastener  Hole 


SPECTRUM 

LIMIT 

STRESS 

IKSII 

s 

8 

05 

8 

CO 

n 

CO 

<£> 

a 

© 

8 

to 

« 

Cl 

TYPE 

BOMBER 

FIGHTER 

BOMBER 

BOMBER 

FIGHTER 

BOMBER 

FLAW 

6"  t 

S5S 

odd 

LD 

* i 

r-  «F 

o d 

0.150 

0.150 

S S LO 
odd 

SSS 

odd 

0.150 

0.158 

$S  J 

d d o 

© CM 
fv  CO  I 

d d 

CM 

O-  Oh 

© o 

IT)  Q 
^ 

o o © 

88$ 

odd 

r**  cp 
© 

© b 

FASTENER 

LIMIT 
LOAD 
(LBS)  1 

4800 

4800 

300 

300 

g © 

4600 

, II _ 

1300 

1300 

INTER- 
FERENCE 
QNJ 

O O O ; 

o o o 

o o 

00  00 
Cl  CO 

88° 
o © 

0 

seooo 

8£00'0 

$ 

8 ° 
© 

HEAD 

DESIGN 

* i ' i 

12  PT 

12  PT. 
100°  CSK 

PROTRUDING 

PROTRUDING 

PROTRUDING 
12  PT. 

TYPE 

CLOSE  TOL. 
OPEN  HOLE 

CLOSE  TOL. 
OPEN  HOLE 

CLOSE  TOL. 
CLOSE  TOL. 

v LU 

3S 

Ui  2 
CL  ^ 
< CL 

1”  o 

^ UJ 

o -* 

^ s 

S £ 

X o 

TAPERLOK 
CLOSE  TOL. 

UJ 

_J 

S 

CONDITION 

CONVENTIONAL! 
REAM  I 

CONVENTIONAL! 
REAM  f 

CONVENTIONAL! 

REAM 

TAPER  1 
REAM  f 
COLD  WORKED 

1 TAPER  l 
REAM  1 
COLD  WORKED 

TAPER  REAM 
COLD  WORKED 

i 

— cm  y 

cm  y 

•-  CM 

*-  cm  o 

**-  cm  n 

t—  CM 

SPECIMEN 

CODE 

FSCTA-1 

FSCTA-2 

FVCTAT 

FSCIA-1 

FSCIA-2 

FVCIAT 

FLAW 

TYPE 

£ 

? 4-4*kl-3 

338 


E 

£ 

I 

I 

,1 


1 


S 

I 

I 


S5 

5 


I 


3 


i 


-S 


2 

D 

QC 

LIMIT 

STRESS 

(tcsn 

130 

o> 

130 

130 

d 

LU 

8i 

TYPE 

BOMBER 

FIGHTER 

BOMBER 

BOMBER 

FIGHTER 

| 

6"| 

0.100  ! 
0.110 
0.110 

ooo 

odd 

0.102 

0.104 

22g 

odd 

m 

odd 

~J 
1 u. 

«-i 

0.150 

0.149 

0.154 

ass 

odd 

0.122 

0.124 

0.110 

0.106 

0.110 

OLIO 
90L0 
90 10 

LIMIT 

LOAD 

(LBS) 

5600 

0 

5230 

0 

2200 

2200 

4900 

0 

4170 

0 

INTER- 

FERENCE 

(IN.) 

o o o 

ooo 

o o 

6 d 

oeotro 

oeocro 

FASTENER 

HEAD 

DESIGN 

tt 

<N  CM  1 

it , 

CM  CN  1 

Si 

PROTRUDING 
PROTRUDING  1 

PROTRUDING 

PROTRUDING 

TYPE 

CLOSE  TOL. 
CLOSE  TOL. 
OPEN  HOLE 

CLOSE  TOL. 
CLOSE  TOL. 
OPEN  HOLE 

CLOSE  TOL. 
CLOSE  TOL. 

TAPERLOK 
TAPERLOK 
OPEN  HOLE 

TAPERLOK 
TAPERLOK 
OPEN  HOLE 

HOLE 

z 

o 

h 

5 

Z 

8 

CONVENTIONAL* 
REAM  ) 

CONVENTIONAL* 
REAM  > 

CONVENTIONAL! 

□ CAM 

TAPER  \ 

REAM  * 

! COLD  WORKED 

TAPER  1 
REAM  ' 

COLD  WORKED 

o 

z 

cm  co 

«-  CN 

i f-MO 

4-  cm  tn 

SPECIMEN 

CODE 

FSCTS1 

CM 

g 

LL 

<h 

& 

> 

Li- 

FSCIS-1 

FSCIS-2 

5 UJ 

a 

Ll- 

Lfl 

H*M-^ 

TTM 

1 r 

339 


I 

] 


I 

X 

e 

£ 


g 

£ 

Qi 

Y 

5 


s 

<3 


0 

1 
I 


§ 


3 


£ 

D 

oc 

LIMIT 

STRESS 

(KSU 

II  O 

I o 

II  r-* 

GO 

to 

o 

o 

70.0 

CD 

CD 

70.0 

o 

o 

a 

9s 

TYPE 

BOMBER 

FIGHTER 

BOMBER 

BOMBBfl 

FIGHTER 

oc 

UI 

1 

g 

1 

BOMBER 

6-Z 

OCON 
CM  CM  CM 

127 

134 

142 

88 

CM  CM  o 
ro  cm  cm 

Oi  CM  U? 
CM  in  Cm 

122 

138 

120 

co  eo 

CM  CM 

< 

O O O 

o d o 

d o 

odd 

odd 

odd 

d o 

LL- 

I 

00  O)  ^ 
CO  ^ CM 

168 

196 

166 

128 

150 

838 

142 

122 

170 

122 

148 

138 

as 

O O O 

o oo 

d d 

o d o 

odd 

o o o 

o d 

LIMIT 

LOAD 

(LBS) 

4400 

0 

4750 

0 

600 

600 

6100 

o | 

in 

s°  1 

| © I 

3500 

3500 

INTER- 

FERENCE 

(IN.) 

o o o 

o o o 

o o 

0.0034 

0.0034 

0.0034 

0.0034 

0.0034 

0.0034 

0.0034 

0 

FASTENER 

HEAD 

DESIGN 

tt , 

CM  CM 

tt 

CM  CM  ’ 

* 

PROTRUDING 

PROTRUDING 

PROTRUDING 

PROTRUDING 

PROTRUDING 

PROTRUDING 

PROTRUDING 
12  PT. 

TYPE 

CLOSE  TOL. 
CLOSE  TOL. 
OPEN  HOLE 

CLOSE  TOL. 
CLOSE  TOL* 
OPEN  HOLE 

CLOSE  TOL. 
CLOSE  TOL. 

TAPER LOK 
TAPERLOK 
OPEN  HOLE 

TAPERLOK 
TAPERLOK 
OPEN  HOLE 

TAPERLOK 
TAPERLOK 
OPEN  HOLE 

TAPERLOK 
CLOSE  TOL* 

HOLE 

CONDITION 

CONVENTIONAL! 
REAM  T. 

< 

z 

O 

2 

ui 

> s 
z < 

8£ 

CONVENTIONAL} 
REAM  fj 

TAPER  l 
REAM  f 
COLD  WORKED 

TAPER  1 
REAM  f 
COLD  WORKED 

TAPER  ) 

REAM  f 
COLD  WORKED 

TAPER  REAM 
COLD  WORKED 

NO. 

S ^ 

CM  CO 

t-  cm  ctj 

CM 

i-  CM  O'? 

^ CM  CO 

**  cm  r? 

— CM 

SPECIMEN 

CODE 

= - ■■- 

H 

r- 

o 

C/D 

Li- 

FSCTT-2 

FVCTT-1 

FSCIT-1 

FSCIT-2 

co 

H 

O 

tn 

u. 

FVCIT't 

3w 

55: 

0.375" 

!• 

ro 

CO 

d 

uu 

ItSCTI 

340 


APPENDIX  A — TEST  SPECIMENS 


Nine  different  specimen  configurations  were  used  to  conduct  the  tests 
described  in  the  body  of  this  report.  Each  configuration  is  detailed  in 
Figures  A1  through  A9  and  a summary  identifying  specimen  configurations 
used  for  each  alloy  and  test  type  is  included  in  Table  At. 
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Figure  A 1;  Mechanical  Properties  Specimen 
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Figure  A2 : Baseline  Double  Cantilever  Beam  Specimen 
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Figure  A3:  Basel  me  Tension  Specimens 
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Figure  A4 : Baseline  Bend  Specimens 
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F igura  A 5:  2219 * T85 1 Aluminum  A Hoy  Surface  Flaw  Tension  Specimen 

Used  For  Uniform  Load,  Overload,  and  Spectrum  Load  Tests 
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Figure  A 6:  Surface  Flaw  and  Flaw  at  Hole  Tension  Specimen 

Used  For  Uniform  Load,  Overload,  and  Spectrum  Load  Tests 
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f/51/re  A 7:  Surface  Flaw  and  Flaw  at  Hole  Tension/Bending  Specimen 
Used  For  Uniform  Load  and  Overload  Tests 
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Figure  A8:  Specimen  Configuration  For  Spectrum  Loaded  Verification  Tests 
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Figure  A9:  4340 Steel  Verification  Test  Specimen  Configurations 
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Table  A 1:  Summary  of  Specimen  Configuration  Used  in  Experimental  Program 
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